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INTRODUCTION 


Neuro toxins  can  cause  serious  derangements  in  brain  biochemistry  that  can  compromise 
the  cognitive  and  motor  function  of  the  individual.  In  the  present  studies  an  animal  model  of 
neurotoxin  exposure  is  used,  wherein  the  neurotoxin,  6-hyrdoxydopamine,  is  injected  into  a 
specific  region  of  the  rat  brain  called  the  medial  forebrain  bundle,  followed  approximately  4 
weeks  later  by  a  biochemical  picture  resembling  Parkinson’s  disease  (PD).  On  the  side  of  the 
brain  where  the  neuro  toxin  is  injected,  there  is  a  90%  reduction  in  the  level  of  a  key  enzyme, 
tyrosine  hydroxylase  (TH),  which  is  a  rate-limiting  enzyme  involved  in  dopamine  production. 
Dopamine  is  the  neurotransmitter  that  is  deficient  in  PD.  One  way  that  brain  TH  levels  can  be 
restored  in  conditions  such  as  PD  is  through  gene  therapy,  wherein  the  TH  gene  is  given  to  the 
individual  afflicted  with  PD.  However,  with  the  conventional  approach  to  gene  therapy  of  the 
brain,  there  are  two  serious  problems.  First,  virtually  all  present-day  approaches  use  viral 
vectors  to  carry  the  gene  to  brain  cells.  However,  these  viral  vectors  are  either  highly 
inflammatory  (such  as  adenovirus  or  herpes  simplex  virus)  or  stably  alter  the  host  genome  in  a 
random  way  (retrovirus,  adeno-associated  virus),  which  can  lead  to  insertional  mutagenesis  and 
cancer.  These  viruses  do  not  enter  the  brain  from  blood,  because  they  do  not  cross  the  blood- 
brain  barrier  (BBB).  This  creates  the  second  problem  with  present-day  approaches  to  gene 
therapy,  which  is  the  viral  vector  is  administered  to  the  brain  by  craniotomy  and  drilling  a  hole  in 
the  head.  However,  this  only  distributes  the  virus  to  a  tiny  region  of  the  brain  at  the  tip  of  the 
injection  needle.  What  is  needed  is  a  non-invasive,  non-viral  form  of  brain  gene  therapy  wherein 
the  therapeutic  gene  can  be  administered  intravenously  without  viral  vectors  followed  by 
widespread  expression  of  the  exogenous  gene  throughout  the  brain.  This  is  the  goal  of  the 
present  research. 

The  present  research  uses  a  completely  new  form  of  brain  gene  targeting  technology 
which  uses  a  novel  gene  delivery  vehicle  called  pegylated  immunoliposomes  (PIL).  PILs  are 
comprised  of  non-immunogenic  lipids  and  proteins,  wherein  the  therapeutic  gene  is  packaged 
within  the  interior  of  the  gene  delivery  vehicle,  which  is  called  a  pegylated  immunoliposome 
(PIL).  The  PIL  carrying  the  gene  is  an  85  mn  “stealth”  nano-container,  which  is  relatively 
invisible  to  the  body’s  reticuloendothelial  system,  that  normally  removes  nano-containers  from 
the  blood.  This  stealth  effect  is  created  by  conjugating  approximately  2000  strands  of  2000 
Dalton  polyethylene  glycol  (PEG)  to  the  surface  of  the  liposome  carrying  the  gene  inside. 
Approximately  1-2%  of  the  tips  of  the  PEG  strands  are  studded  with  receptor-specific 
monoclonal  antibodies  (MAb).  This  MAb  is  a  targeting  ligand  and  acts  as  a  molecular  Trojan 
horse,  which  triggers  the  transport  of  the  stealth  nano-container  across  the  two  biological 
membrane  barriers  which  separate  the  blood  from  the  interior  of  brain  cells:  the  brain 
microvascular  endothelial  wall,  which  forms  the  blood-brain  barrier  (BBB)  in  vivo,  and  the  brain 
cell  plasma  membrane  (BCM).  Both  the  BBB  and  the  BCM  express  a  targeted  receptor,  in  this 
case,  the  transferrin  receptor  (TfR),  and  the  anti-TfR  MAb  enables  the  PIL  to  cross  the 
membrane  barriers  via  normal  physiological  transport  processes  which  are  usually  used  for 
endogenous  ligands  such  as  transferrin.  With  this  approach,  non-viral  gene  therapy,  non- 
invasive  gene  therapy  of  the  brain  is  now  possible. 

The  TH  expression  plasmid  is  encapsulated  in  the  interior  of  the  85  mn  PIL  which  is 
targeted  to  rat  brain  with  the  0X26  murine  MAb  to  the  rat  TfR.  The  TfRMAb-PIL  carrying  the 
plasmid  DNA  is  injected  intravenously  in  rats  at  a  dose  of  1-10  pg  plasmid  DNA  per  adult  rat. 
These  rats  all  have  drug-confirmed  experimental  PD,  owing  to  the  intracerebral  injection  of  the 
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6-hydroxydopamine  neurotoxin  into  the  brain  four  weeks  earlier.  The  goal  is  to  normalize  the 
striatal  TH  activity  based  on  both  brain  biochemistry  assays,  immunocytochemistry  assays,  and 
phannacologic  behavioral  testing. 

BODY 

Original  Statement  of  Work  (SOW).  The  original  statement  of  work  outlined  experiments  in  5 
areas: 

(1)  formulation  of  PILs  (01  year) 

(2)  single  dose  efficacy  study  with  SV40  promoter  (01-02  years) 

(3)  toxicity  study  with  focus  on  brain  inflammatory  response  (02-03  years) 

(4)  single  dose  efficacy  study  with  glial  fibrillary  acidic  protein  (GFAP)  gene  promoter  (02-03 
years) 

(5)  multi-dose  efficacy  study  (03  year) 

Progress  toward  these  goals  has  been  achieved  on  time,  although  the  work  period  has  been 
extended  by  2  consecutive  1-year  no  cost  extensions.  The  purpose  of  the  no-cost  extension 
period  was  to  extend  the  last  of  the  specific  aims,  and  to  find  new  ways  for  prolonging  the 
therapeutic  effect  of  the  gene  therapy.  The  work  performed  in  the  extended  years  culminated  in 
the  publication  of  Appendix  15  in  the  2006  Phannaceutical  Research. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  First  demonstration  of  global  expression  of  a  trans-gene  in  the  brain  following  an 
intravenous  injection  of  small  volumes  of  a  non-viral  fonnulation.  This  was 
accomplished  in  mice,  rats,  and  Rhesus  monkeys.  This  was  made  possible  by  the 
development  of  a  completely  new  non-viral  gene  transfer  technology  that  utilizes 
pegylated  immunoliposomes  or  PILs,  which  carry  encapsulated  plasmid  DNA. 

•  First  demonstration  that  the  expression  of  the  transgene  in  organs  outside  the 
brain  could  be  eliminated  by  the  combined  use  of  PILs  and  brain-specific  gene 
promoters.  This  was  demonstrated  in  mice,  rats,  and  Rhesus  monkeys. 

•  First  demonstration  that  the  biochemical  abnormalities,  and  the  behavior 
abnormalities  in  neurotoxin-induced  Parkinson’s  disease  could  be  completely 
nonnalize,  albeit  temporarily,  with  intravenous  injections  of  PILs  carrying  an 
expression  plasmid  encoding  cDNA  forms  of  the  rat  tyrosine  hydroxylase  (TH) 
trans-gene. 

•  The  mechanism  of  the  transient  nature  of  TH  gene  expression  in  brain  was  shown 
by  real  time  PCR  studies  in  the  primate  brain  to  be  due  to  degradation  of  cDNA 
forms  of  the  trans-gene.  This  provides  the  basis  for  future  work  using 
chromosomal-derived  forms  of  the  therapeutic  gene,  which  are  less  susceptible  to 
DNAases  in  the  cell,  which  degrade  the  exogenous  DNA  delivered  to  brain  cells 
with  the  PIL  gene  transfer  technology. 

REPORTABLE  OUTCOMES 

(1)  Manuscripts:  listed  below  in  Publications. 
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(2)  Plasmids  developed:  tyrosine  hydroxylase  expression  plasmids  driven  by  either  the  SV40  or 
the  GFAP  promoter  were  produced  as  described  in  prior  reprots. 


CONCLUSIONS 

The  US  Army  support  of  this  work  has  led  to  the  development  of  a  transfonnational 
technology  that  revolutionizes  our  approach  to  gene  therapy  of  the  brain  and  to  gene  therapy  of 
brain  neuro toxin  exposure.  Unlike  the  conventional  approach  to  brain  gene  therapy,  we  achieve 
the  desired  pharmacological  effect  without  viruses  and  without  craniotomy.  The  use  of  viral 
vectors  will  probably  never  be  widely  used  in  gene  therapy  in  humans,  owing  to  their  toxic 
effects.  The  use  of  craniotomy  for  delivering  genes  to  the  brain  is  problematic  because  the  gene 
is  only  delivered  to  a  tiny  area  of  the  brain.  Moreover,  craniotomy-based  gene  therapy  of  the 
brain  in  soldiers  in  the  field  is  virtually  impossible.  We  have  created  a  form  of  brain  gene 
therapy  that  could  be  administered  to  soldiers  in  the  field. 

This  approach  to  gene  therapy  enables  adult  transgenics  in  24  hours. 

This  new  technology  for  non-invasive  delivery  of  non-viral  genes  to  the  brain  should  be 
developed  further  in  the  following  directions: 

•  Chromosomal  (genomic)  forms  of  the  trans-gene  should  be  used  instead  of  cDNA 
forms  of  the  gene.  This  past  work  has  shown  that  large  genomic  constructs  of  15- 
20  kb  can  be  incorporated  in  eukaryotic  expression  plasmids.  The  genomic  forms 
of  the  gene  have  longer  periods  of  action  in  vivo  than  do  the  cDNA  forms. 

•  This  work  should  be  replicated  not  with  the  TH  gene  but  with  a  gene  encoding  a 
nigral- striatal  trophic  factor,  such  as  glial  derived  neurotrophic  factor  (GDNF). 
The  toxic  effects  of  neurotoxins  can  be  ameliorated  with  a  single  dose  of  GDNF 
gene  therapy. 

•  GDNF  gene  therapy  of  neurotoxin  exposed  brain  should  be  coupled  with  gene 
promoters  that  enable  transgene  expression  only  in  the  nigral-striatal  tract.  This 
will  eliminate  “off  target”  expression  of  the  transgene  in  areas  outside  the 
therapeutic  target. 

•  The  Army  needs  to  continue  this  work,  as  it  will  eventually  lead  to  the 
development  of  powerful  neuroprotective  agents  that  can  be  easily  administered 
to  at  risk  soldiers  in  the  field. 


PUBLICATIONS  FUNDED  BY  THIS  WORK: 

1.  Shi,  N.,  Zhang,  Y.,  Boado,  R.J.,  Zhu,  C.,  and  Pardridge,  W.M.  (2001):  Brain-specific 
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2.  Pardridge,  W.M.  (2002):  Drug  and  gene  targeting  to  the  brain  with  molecular  Trojan  horses. 
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Brain-specific  expression  of  an  exogenous  gene  after 
i.v.  administration 

Ningya  Shi,  Yun  Zhang,  Chunni  Zhu,  Ruben  J.  Boado,  and  William  M.  Pardridge* * 

Department  of  Medicine,  University  of  California  School  of  Medicine,  Los  Angeles,  CA  90024 

Communicated  by  M.  Frederick  Hawthorne,  University  of  California,  Los  Angeles,  CA,  August  24,  2001  (received  for  review  June  8,  2001) 


The  treatment  of  brain  diseases  with  gene  therapy  requires  the 
gene  to  be  expressed  throughout  the  central  nervous  system,  and 
this  is  possible  by  using  gene  targeting  technology  that  delivers 
the  gene  across  the  blood-brain  barrier  after  i.v.  administration  of 
a  nonviral  formulation  of  the  gene.  The  plasmid  DNA  is  targeted  to 
brain  with  pegylated  immunoliposomes  (PILs)  using  a  targeting 
ligand  such  as  a  peptidomimetic  mAb,  which  binds  to  a  transport¬ 
ing  receptor  on  the  blood- brain  barrier.  The  present  studies  adapt 
the  PIL  gene  targeting  technology  to  the  mouse  by  using  the  rat 
8D3  mAb  to  the  mouse  transferrin  receptor.  Tissue-specific  expres¬ 
sion  in  brain  and  peripheral  organs  of  different  exogenous  genes 
(/3-galactosidase,  luciferase)  is  examined  at  1-3  days  after  i.v. 
injection  in  adult  mice  of  the  exogenous  gene  packaged  in  the 
interior  of  8D3-PIL.  The  expression  plasmid  is  driven  either  by  a 
broadly  expressed  promoter,  simian  virus  40,  or  by  a  brain-specific 
promoter  taken  from  the  5'  flanking  sequence  of  the  human  glial 
fibrillary  acidic  protein  (GFAP)  gene.  The  transgene  is  expressed  in 
both  brain  and  peripheral  tissues  when  the  simian  virus  40  pro¬ 
moter  is  used,  but  the  expression  of  the  exogenous  gene  is 
confined  to  the  brain  when  the  transgene  is  under  the  influence  of 
the  brain-specific  GFAP  promoter.  Confocal  microscopy  colocalizes 
immunoreactive  bacterial  /3-galactosidase  with  immunoreactive 
GFAP  in  brain  astrocytes.  These  studies  indicate  that  tissue-specific 
gene  expression  in  brain  is  possible  after  the  i.v.  administration  of 
a  nonviral  vector  with  the  combined  use  of  gene  targeting  tech¬ 
nology  and  tissue-specific  gene  promoters. 

blood-brain  barrier  |  gene  therapy  |  transferrin  receptor  [ 

(3-galactosidase  |  liposomes 

Brain-specific  expression  of  a  therapeutic  gene  requires  the 
use  of  (/)  organ-specific  promoter  elements  and  (a)  a 
transcellular  targeting  system  that  enables  delivery  of  the  trans¬ 
gene  across  both  the  blood-brain  barrier  (BBB)  and  the  brain 
cell  plasma  membrane.  Prior  work  has  demonstrated  the  wide¬ 
spread  expression  of  exogenous  genes  in  the  brain  of  rats  after 
the  i.v.  injection  of  pegylated  immunoliposomes  (PILs)  that 
carry  the  plasmid  DNA  in  the  interior  of  the  nanocontainer  (1). 
The  PIL/DNA  was  targeted  to  brain  cells  with  a  peptidomimetic 
mAb  to  the  rat  transferrin  receptor  (TfR).  Owing  to  the  abun¬ 
dance  of  the  TfR  on  the  brain  capillary  endothelium,  which 
forms  the  BBB  in  vivo,  the  mAb  targeted  the  exogenous  gene  to 
brain  cells  in  vivo  in  the  rat  (1).  However,  the  TfR  is  also 
abundant  in  some  peripheral  tissues,  such  as  liver  and  spleen,  and 
the  exogenous  gene,  driven  by  the  simian  virus  40  (SV40) 
promoter,  also  was  expressed  in  liver  and  spleen  after  the  i.v. 
injection  of  the  PIL  (2). 

The  present  studies  test  the  hypothesis  that  the  expression  of 
an  exogenous  gene  can  be  restricted  to  the  brain  with  the  use  of 
both  the  PIL  gene  targeting  technology  and  a  brain-specific 
promoter.  The  expression  in  brain  and  peripheral  organs  is 
measured  for  either  a  luciferase  or  a  jS-galactosidase  exogenous 
gene.  The  plasmid  DNA  encapsulated  in  the  8D3-PIL  is  admin¬ 
istered  i.v.,  and  the  exogenous  gene  is  under  the  influence  of 
either  the  SV40  promoter  or  the  human  glial  fibrillary  acidic 
protein  (GFAP)  promoter  (3,  4).  A  second  goal  of  this  work  was 
to  develop  a  gene  targeting  system  specific  for  the  mouse,  given 


the  availability  of  transgenic  mouse  models  of  human  disease. 
Prior  work  in  rats  used  the  mouse  0X26  mAb  to  the  rat  TfR  (1, 
2),  but  the  0X26  mAb  is  not  active  in  mice  (5).  The  rat  8D3  mAb 
to  the  mouse  TfR  is  an  active  BBB  transport  vector  in  mice  (5), 
and  the  present  studies  describe  the  production  of  PILs  targeted 
with  the  8D3  mAb. 

The  structure  of  the  PIL  gene  targeting  system  is  shown  in  Fig. 
L4,  and  this  formulation  is  to  be  contrasted  with  conventional 
cationic  lipid/DNA  complexes.  The  PIL  has  a  net  negative 
charge  (2)  and  internalizes  the  DNA  in  the  interior  of  the 
liposome  to  render  the  plasmid  DNA  resistant  to  the  endoge¬ 
nous  endonucleases,  which  are  ubiquitous  in  vivo  (6).  Any 
exteriorized  DNA  is  removed  from  the  PIL  formulation  by 
nuclease  treatment  and  gel  filtration  chromatography  (1,  2).  The 
liposome  surface  is  decorated  with  2,000-3,000  strands  of 
2,000-Da  polyethylene  glycol,  designated  PEG2000.  The  “pegy- 
lation”  of  the  liposome  prevents  absorption  of  serum  proteins  to 
the  surface  of  the  structure  and  minimizes  uptake  of  the 
liposome  by  cells  lining  the  reticuloendothelial  system  (7).  The 
pegylated  liposome  is  directed  to  tissues  in  vivo  by  tethering  to 
the  tips  of  1-2%  of  the  PEG  strands  a  targeting  peptidomimetic 
mAb  (Fig.  1  A).  The  anti-TfR  mAb  binds  to  the  BBB  TfR  to 
trigger  receptor-mediated  transcytosis  across  the  BBB  in  vivo, 
and  this  process  is  followed  by  Tfr-mediated  endocytosis  of  the 
PIL  into  brain  cells  (1,  2). 

Experimental  Procedures 

Materials.  Adult  male  BALB/c  mice  (25-30  g)  were  purchased 
from  Harlan  Breeders,  Indianapolis.  dCTP  (specific  activity:  800 
Ci/mmol)  was  from  Perkin-Elmer.  A-succinimidyl[2,3-3H]  pro¬ 
pionate  (specific  activity:  97.0  Ci/mmol)  was  supplied  by  Am- 
ersham  Pharmacia.  DNase  I,  exonuclease  III,  and  the  Nick 
Translation  Kit  were  from  GIBCO/BRL.  Traut’s  reagent  was 
purchased  from  Pierce.  Lipids  for  liposome  synthesis  were 
supplied  by  Avanti  Polar  Lipids.  The  LiposoFAST-Basic  ex¬ 
truder  and  polycarbonate  filters  were  from  Avestin,  Ottawa. 
5-Bromo-4-chloro-3-indoyl-/3-D-galactoside,  rat  IgG,  and  all 
other  chemicals  were  purchased  from  Sigma.  The  pSV-j8- 
galactosidase  expression  plasmid  driven  by  the  SV40  promoter, 
the  pGL3-control  luciferase  expression  plasmid  driven  by  the 
SV40  promoter,  the  luciferase  reagent,  and  recombinant  lucif¬ 
erase  were  obtained  from  Promega.  The  pGfa-lacZ  j3-galacto- 
sidase  expression  plasmid  was  provided  by  Jose  Segovia,  Centro 
de  Investigacion  y  de  Estudios  Avanzados,  San  Pedro  Zacatenco, 
Mexico  (3,  4).  In  this  plasmid,  the  lacZ  gene  is  driven  by  the 
human  GFAP  promoter  (nucleotides  —2163  to  +47).  The 
GFAP  ATG  at  position  +15  was  mutated  to  TTG,  so  translation 


Abbreviations:  BBB,  blood-brain  barrier;  GFAP,  glial  fibrillary  acidic  protein;  PIL,  pegylated 
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receptor;  SV40,  simian  virus  40. 
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Fig.  1.  (A)  A  double-stranded  supercoiled  plasmid  DNA  is  encapsulated  in 

the  interior  of  75-  to  85-nm  liposomes,  which  are  pegylated  with  PEG2000,  and 
1-2%  of  the  PEG  strands  are  conjugated  with  a  targeting  ligand,  such  as  a  mAb 
(1,  2).  (S)  Elution  of  8D3  PILs  through  a  Sepharose  CL-4B  gel  filtration  column 
allowed  for  separation  of  the  PILs  from  unconjugated  mAb  and  from  exteri¬ 
orized  nuclease-digested  DNA.  The  comigration  of  the  interiorized  [32P]-DNA 
and  the  [3H]8D3  mAb  demonstrated  the  plasmid  DNA  and  the  targeting  mAb 
were  incorporated  in  the  same  structure. 


begins  at  the  lacZ  ATG  initiation  codon.  The  3'  untranslated 
region  (UTR)  following  the  lacZ  gene  is  derived  from  the  mouse 
protamine  gene-1  3'  UTR,  and  contains  an  intron  and  poly(A) 
sequence  (3,  4).  The  orientation  of  the  GFAP  promoter  within 
the  plasmid  was  confirmed  by  DNA  sequencing.  The  8D3 
hybridoma  line,  secreting  a  rat  IgG  to  the  mouse  Tfr  (8),  was 
obtained  from  Britta  Engelhardt,  Max  Planck  Institute,  Bad 
Naoheim,  Germany. 

Plasmid  DNA  Preparation  and  Radiolabeling.  j3-Galactosidase  or 
luciferase  plasmid  DNA  was  purified  from  Escherichia  coli  with 
the  maxiprep  procedure  and  desalted  by  using  the  Qiagen 
(Chatsworth,  CA)  Plasmid  Maxi  Kit  and  QIAquick  PCR  puri¬ 
fication  kit,  respectively.  The  size  of  the  DNA  was  confirmed  by 
0.8%  agarose  gel  electrophoresis.  DNA  was  labeled  with  32P- 
dCTP  using  nick  translation.  The  specific  activity  of  32P-DNA 
was  15-20  /xCi//xg.  The  purity  measured  by  trichloroacetic  acid 
precipitability  was  99%. 

mAb  Purification  and  Radiolabeling.  The  rat  8D3  anti-mouse  TfR 
mAb  was  purified  with  protein  G  Sepharose  affinity  chroma¬ 
tography  from  ascites  generated  in  nude  mice.  All  animal 
procedures  were  performed  with  protocols  approved  by  the 
University  of  California  Los  Angeles  Animal  Research  Com¬ 
mittee.  The  8D3  hybridoma  was  grown  on  a  feeder  layer  of 
newborn  mouse  thymocytes  and  peritoneal  cells,  as  described  by 
Kissel  et  al.  (8).  The  antibody  was  tritiated  with  V-succinimi- 


dyl[2,3-3H]  propionate  as  described  (9).  The  specific  activity  and 
trichloroacetic  acid  precipitability  of  the  3H-8D3  mAb  were 
100-150  /xCi/mg  and  95%,  respectively. 

PIL  Synthesis.  PILs  were  synthesized  by  using  a  total  of  20  /xmmol 
of  lipids,  including  18.8  /xmmol  of  l-palmitoyl-2-oleoyl-sn- 
glycerol-3-phosphocholine  (POPC),  0.4  /xmmol  of  didode- 
cyldimethylammonium  bromide  (DDAB),  0.6  /xmmol  of  dis- 
tearoylphosphatidylethanolamine  (DSPE-PEG),  and  200  nmol 
of  DSPE-PEG-maleimide,  as  described  (1,  2).  The  supercoiled 
plasmid  DNA  (150  /xg)  and  2  /xCi  of  32P-plasmid  DNA  were 
encapsulated  in  the  pegylated  liposomes,  and  exteriorized  DNA 
was  degraded  by  nuclease  digestion,  as  described  (1,  2).  The 
thiolated  8D3  mAb  was  conjugated  to  the  pegylated  liposome 
overnight  at  room  temperature.  The  8D3  PIL/DNA  was  sepa¬ 
rated  from  degraded  DNA  absorbed  to  the  exterior  of  the 
liposome,  and  from  unconjugated  mAb,  using  a  1.6  X  18  cm 
column  of  Sepharose  CL-4B  (Fig.  IB).  The  average  number  of 
8D3  mAbs  conjugated  on  one  liposome  was  50  and  was  com¬ 
puted  from  the  measurement  of  radioactive  mAb,  as  described 
(10).  The  DNA  encapsulation  efficiency  was  20%.  The  control 
rat  IgG  PIL/j3-galactosidase  plasmid  DNA  was  prepared  by 
following  the  same  procedure. 

In  Vivo  Administration  and  Gene  Expression  Assays.  Male  BALB/c 
mice  weighing  25-30  g  were  anesthetized  with  ketamine  (50 
mg/kg)  and  xylazine  (4  mg/kg)  i.p.  PIL  conjugated  with  either 
the  8D3  mAb  or  nonspecific  rat  IgG,  and  carrying  either  the 
pSV-|3-galactosidase  plasmid  DNA,  the  pGfa-lacZ  plasmid 
DNA,  or  the  pGL3-control  plasmid  DNA  was  injected  i.v.  in 
mice  via  the  jugular  or  femoral  vein  with  a  30-g  needle  at  a  dose 
of  3-5  /xg  of  PIL-encapsulated  plasmid  DNA  per  mouse.  Mice 
were  killed  at  24,  48,  and  72  h  postinjection.  Brain,  liver,  spleen, 
kidney,  heart,  and  lung  were  removed  and  frozen  in  OCT 
embedding  medium  for  j3-galactosidase  histochemistry,  or  ho¬ 
mogenized  in  4  vol  of  lysis  buffer  for  measurements  of  organ 
luciferase  activity,  as  described  (1).  For  histochemistry,  frozen 
sections  of  18-/xm  thickness  were  fixed  in  0.1%  glutaraldehyde  in 
0.1  M  NaH2P04  for  5  min  and  incubated  with  0.1%  5-bromo- 
4-chloro-3-indoyl-j3-D-galactoside  at  pH  =  7.0  at  37°C  overnight, 
as  described  (1,  2).  Whole-mount  images  of  the  organs  were 
obtained  by  scanning  the  section  with  a  UMAX  PowerLooklll 
scanner  with  transparency  adapter,  and  the  image  was  cropped 
in  Adobe  PHOTOSHOP  5.5  on  a  G4  Power  Macintosh  computer. 
The  luciferase  enzyme  activity  was  measured  in  organ  superna¬ 
tants  with  a  Luminometer  (Biolumat  LB  9507,  Berthold, 
Nashua,  NH),  as  described  (1).  A  standard  curve  was  assayed  in 
parallel  with  recombinant  luciferase,  and  the  relative  light  units 
were  converted  to  pg  of  luciferase.  The  protein  concentration  in 
the  tissue  extract  was  determined  with  the  BCA  protein  assay 
reagent  (Pierce),  and  the  luciferase  activity  in  the  organ  was 
expressed  as  pg  luciferase/mg  protein. 

Confocal  Microscopy.  Mouse  brain  frozen  sections  (20  /xm)  were 
fixed  with  100%  acetone  at  -20°C  for  20  min.  The  sections  were 
incubated  in  primary  antibody  for  1  h  at  room  temperature.  The 
primary  antibodies  were  mixed  and  included  a  goat  anti¬ 
human/rodent  GFAP  1:20  polyclonal  antiserum  (Research 
Diagnostics,  Chicago),  and  a  mouse  mAb  against  E.  coli  [}- 
galactosidase,  20  /xg/ml  (Promega).  After  a  PBS  wash,  a 
rhodamine -conjugated  donkey  anti-goat  IgG  1:200  (Research 
Diagnostics)  secondary  antibody  was  added  for  30  min  at  room 
temperature.  The  slides  were  then  washed  and  incubated  with 
fluorescein-conjugated  goat  anti-mouse  IgG  (Sigma)  for  30  min 
at  room  temperature.  The  sections  were  mounted  on  slides  with 
Vector  Shield  (Vector  Laboratories)  mounting  media,  and 
viewed  with  a  X10  or  X100  objective  and  a  Zeiss  LSM  5 
PASCAL  confocal  microscope  with  dual  argon  and  heli- 
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Table  1.  Organ  luciferase  activity 


pg  Luciferase/mg  protein 


Organ 

48  h 

72  h 

Brain 

0.76  ±  0.09 

0.50  ±  0.10 

Heart 

0.015  ±  0.001 

0.018  ±  0.004 

Liver 

3.1  ±  0.5 

1.4  ±  0.1 

Spleen 

1.1  ±  0.1 

0.52  ±  0.11 

Lung 

0.74  ±  0.06 

0.34  ±  0.09 

Kidney 

0.0092  ±  0.0009 

0.0082  ±  0.0003 

Data  are  mean  ±  SE  (n  =  5  mice  per  time  point).  Mice  were  administered  a 
single  i.v.  injection  of  5  /cg/mouse  of  SV40  promoter-pGL3  plasmid  DNA 
encapsulated  in  8D3-PIL. 


um/neon  lasers.  The  sample  was  scanned  with  multitrack  mode 
to  avoid  leakage  of  the  fluorescein  signal  into  the  rhodamine 
channel.  Sections  were  scanned  at  intervals  of  0.48  pm  and 
reconstructed  with  Zeiss  lsm  software.  Control  experiments 
used  either  a  mouse  IgG  (Cappel)  or  reagent  grade  goat  IgG 
(Sigma)  as  primary  antibody  in  lieu  of  the  anti-jS-galactosidase 
or  the  anti-GFAP  antibody,  respectively. 

Results 

The  organ  luciferase  activity  at  48  and  72  h  after  a  single  i.v. 
injection  of  the  pGL3  plasmid  DNA  encapsulated  in  the  8D3- 
PIL  is  shown  in  Table  1  and  indicates  the  8D3  mAb  targets  the 


gene  to  TfR-rich  organs  such  as  brain,  liver,  spleen,  and  lung, 
with  very  little  gene  expression  in  kidney  or  heart.  The  results 
with  the  8D3  TfR  mAb  in  the  mouse  replicate  previous  work 
with  the  0X26  TfR  mAb  in  the  rat  (1). 

Administration  of  the  pSV-/3-galactosidase  plasmid  encapsu¬ 
lated  in  the  8D3-PIL  resulted  in  gene  expression  in  both  brain 
and  peripheral  tissues,  such  as  spleen  (Fig.  2A).  The  pGfa-lacZ 
plasmid  also  was  encapsulated  in  8D3-PIL  and  injected  i.v.  in 
mice,  and  organs  were  removed  2  days  later  for  j8-galactosidase 
histochemistry  (Fig.  2 B).  Whereas  the  GFAP/j3-galactosidase 
gene  was  widely  expressed  throughout  the  mouse  brain,  there 
was  no  expression  of  the  transgene  in  mouse  spleen,  liver,  heart, 
or  lung  (Fig.  2 B).  Gene  targeting  of  organs  in  vivo  was  deter¬ 
mined  by  the  specificity  of  the  targeting  mAb.  When  the  8D3  rat 
mAb  to  the  murine  TfR  was  replaced  with  nonspecific  rat  IgG 
(rlgG),  and  the  GFAP/jS-galactosidase  plasmid  was  encapsu¬ 
lated  in  the  interior  of  the  rlgG-PIL,  there  was  no  gene  expres¬ 
sion  in  brain  or  peripheral  tissues  (lung,  spleen,  liver,  or  heart) 
(Fig.  2C).  Owing  to  high  expression  of  endogenous  mammalian 
/3-galactosidase  in  mouse  kidney,  this  organ  serves  as  a  positive 
control  for  the  histochemical  assay  (Fig.  2C).  The  j3-galactosi- 
dase  activity  in  mouse  kidney  represents  endogenous  mamma¬ 
lian  enzyme,  and  this  activity  does  not  arise  from  expression  of 
the  bacterial  /3-galactosidase  gene  in  kidney. 

The  extent  to  which  the  exogenous  gene  is  expressed  through¬ 
out  the  central  nervous  system  is  demonstrated  with  serial 
coronal  sections  through  the  septo-striatum,  the  rostral  dien- 
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Fig.  2.  (A)  /3-Galactosidase  histochemistry  was  performed  on  organs  removed  2  days  after  an  i.v.  injection  of  PILs  carrying  the  pSV-/3-galactosidase  plasmid, 

driven  by  the  SV40  promoter,  and  conjugated  with  the  8D3  rat  mAb.  ( B )  5-Bromo-4-chloro-3-indoyl-/3-D-galactoside  histochemistry  of  organs  removed  from  mice 
2  days  after  a  single  i.v.  injection  of  8D3  PILs  carrying  the  GFAP//3-galactosidase  plasmid.  (O  /3-Galactosidase  gene  expression  in  mouse  organs  removed  48  h  after 
a  single  i.v.  injection  of  the  GFAP//3-galactosidase  plasmid  incorporated  in  PILs  that  were  targeted  with  nonspecific  rat  IgG  (rlgG).  All  organs  were  negative  except 
for  kidney.  The  histochemical  product  in  kidney  is  derived  from  endogenous  mammalian  /3-galactosidase-like  activity  in  that  organ.  Kidney  removed  from 
noninjected  mice  yielded  similar  /3-galactosidase  reaction  product. 
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Fig.  B.  ( A )  0-Galactosidase  histochemistry  in  mouse  brain  removed  48  h  after  a  single  i.v.  injection  of  the  GFAP/|8-galactosidase  plasmid  encapsulated  in  the 
interior  of  8D3-targeted  PILs.  Coronal  sections  at  different  levels  of  the  brain  are  shown.  (S)  /3-Galactosidase  histochemistry  is  shown  for  brain  removed  from 
mice  at  24,  48,  and  72  h  after  a  single  i.v.  injection  of  the  GFAP//3-galactosidase  plasmid  encapsulated  in  the  interior  of  8D3  PILs. 


cephalon,  the  rostral  mesencephalon,  and  the  caudal  mesen¬ 
cephalon  (Fig.  3A).  Gene  expression  is  detected  widely  through¬ 
out  the  cortical  and  subcortical  structures  at  all  levels  of  brain. 
In  the  septo-striatum,  the  GFAP/j3-galactosidase  gene  is  ex¬ 
pressed  in  the  caudate  putamen  nucleus  and  the  epithelium  of 
the  choroid  plexus  lining  the  lateral  ventricles  and  the  third 
ventricle.  At  the  level  of  the  rostral  diencephalon,  there  is  gene 
expression  in  the  parietal  cortex,  the  hippocampus,  and  the 
thalamic  nuclei  (Fig.  3 A).  In  the  caudal  mesencephalon,  gene 
expression  is  observed  throughout  the  cerebellum  and  the 
posterior  colliculus  anteriorly  and  various  hindbrain  nuclear 
structures  posteriorly.  The  expression  in  mouse  brain  of  the 
GFAP/j3-galactosidase  gene  peaks  at  48  h  after  a  single  i.v. 
injection  as  shown  in  Fig.  3 B.  Temporal  studies  were  performed 
with  a  SV40/j3-galactosidase  plasmid,  which  showed  a  reduced 
gene  expression  at  24  h  compared  with  the  GFAP/jS- 
galactosidase  and  a  level  of  j3-galactosidase  gene  expression  in 
the  brain  at  72  h  that  was  comparable  to  the  activity  at  48  h  in 
Fig.  2 A. 

Confocal  microscopy  confirmed  the  expression  of  the  j8-ga- 
lactosidase  transgene  in  astrocytes  (Fig.  4).  The  expression  of 
immunoreactive  j3-galactosidase  and  immunoreactive  GFAP  in 
the  same  brain  cell  is  shown  in  Fig.  4  A  and  B,  respectively,  and 
the  yellow  signal  in  the  superimposed  image  demonstrates 
immune  labeling  of  both  the  cell  body  and  the  processes  of  the 
astrocyte  (Fig.  4C).  Astrocyte  foot  processes  invest  the  basement 
membrane  surface  of  the  cerebral  microvasculature,  and  these 
structures  express  immunoreactive  GFAP,  as  shown  in  Fig.  4  E 
and  H.  Immunoreactive  bacterial  j8-galactosidase  is  also  ex¬ 
pressed  in  the  astrocyte  foot  processes  investing  the  microvas¬ 
culature  as  shown  in  Fig.  4  D  and  G.  The  orange/yellow  signal 
in  the  superimposed  image  demonstrates  colocalization  of  the 
GFAP  and  the  bacterial  j3-galactosidase  in  the  astrocyte  pro¬ 
cesses  (Fig.  4  F  and  I). 

Discussion 

These  studies  are  consistent  with  the  following  conclusions. 
First,  exogenous  genes  encoding  for  either  luciferase  or  j3-ga- 
lactosidase  and  under  the  influence  of  the  SV40  promoter  are 


targeted  to  brain  in  the  mouse  using  PILs  and  the  rat  8D3  mAb 
to  the  mouse  TfR.  However,  the  transgene  is  also  targeted  to 
TfR-rich  peripheral  tissues  such  as  spleen,  liver,  and  lung  (Table 
1,  Fig.  2 A).  Second,  the  expression  of  the  exogenous  gene  in 
peripheral  organs  can  be  eliminated  when  the  exogenous  gene  is 
under  the  influence  of  a  brain-specific  promoter,  such  as  the  2 
kb  of  the  5'  flanking  sequence  of  the  human  GFAP  gene  (Fig. 
2 B).  Third,  the  PIL  gene  targeting  technology  enables  the 
widespread  expression  throughout  the  central  nervous  system  of 
an  exogenous  gene  after  the  noninvasive  i.v.  administration  of  a 
nonviral  formulation  of  the  gene  (Fig.  3A).  Fourth,  the  expres¬ 
sion  of  the  exogenous  gene  in  brain  persists  for  at  least  3  days 
after  the  single  i.v.  administration  (Table  1,  Fig.  3 B).  Fifth,  the 
j3-galactosidase  transgene,  under  the  influence  of  the  GFAP 
promoter,  is  widely  expressed  in  both  cell  bodies  and  processes 
of  astrocytes,  as  demonstrated  by  confocal  microscopy  (Fig.  4). 

The  8D3-PIL  delivers  the  exogenous  gene  both  to  brain  and 
TfR-rich  peripheral  tissues  (Table  1).  However,  when  the 
transgene  is  under  the  influence  of  a  brain-specific  promoter, 
there  is  no  gene  expression  in  peripheral  tissues  (Fig.  2 B).  The 
absence  of  measurable  expression  of  the  transgene  in  lung 
(Fig.  2 B)  contrasts  the  PIL  gene  targeting  system  with  con¬ 
ventional  cationic  lipid/DNA  complexes.  After  the  i.v.  injec¬ 
tion  of  cationic  liposome/DNA  complexes,  the  level  of  gene 
expression  in  the  lung  is  log  orders  greater  than  in  peripheral 
tissues  such  as  liver  or  spleen,  and  there  is  no  gene  expression 
in  brain  (11).  The  absence  of  significant  gene  expression  in 
liver  (Fig.  2 B)  contrasts  the  PIL  system  with  the  adenovirus 
gene  delivery  system,  wherein  >90%  of  the  exogenous  gene  is 
expressed  in  mouse  liver  after  the  i.v.  administration  of 
adenoviral  vector  systems  (12). 

Transgene  expression  peaks  at  2  days  after  a  single  i.v. 
injection  and  starts  to  decline  by  3  days,  when  the  gene  is  driven 
by  a  GFAP  promoter  (Fig.  3 B).  The  SV40  promoter  gives  a 
greater  persistence  of  the  transgene  in  both  mice  (Table  1)  and 
rats  (2).  The  level  of  gene  expression  does  not  decline  to  the  50% 
level  until  6  days  after  i.v.  administration  of  the  SV40//3- 
galactosidase  in  rats,  as  measured  by  either  histochemistry  or 
Southern  blotting  (2).  The  persistence  of  a  therapeutic  gene  may 
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Fig.  4.  Confocal  microscopy  of  mouse  brain  removed  48  h  after  a  single  i.v.  injection  of  the  GFAP//3-galactosidase  plasmid  encapsulated  in  the  interior  of  8D3 
PILs.  ( A ,  D,  and  G)  The  confocal  microscopy  of  immunoreactive  (3-galactosidase,  stained  with  a  fluorescein-labeled  secondary  antibody.  (S,  E,  and  H) 
Immunoreactive  GFAP,  stained  with  a  rhodamine-labeled  secondary  antibody.  (C,  F,  and  /)  The  respective  superimposed  images  showing  colocalization  of  the 
j3-galactosidase  and  the  GFAP  in  astrocyte  cell  bodies  (O  and  astrocyte  processes  (F  and  /).  The  yellow/orange  images  in  are  the  result  of  the  superimposition 
of  the  green  (/3-galactosidase)  and  red  (GFAP)  images.  No  staining  of  brain  was  obtained  with  either  mouse  IgG/fluorescein-conjugated  goat  anti-mouse  IgG 
U)  or  goat  IgG/rhodamine-conjugated  donkey  anti-goat  IgG  ( K ).  (Scale  bar:  10  pm.) 


be  increased  with  the  use  of  expression  plasmids  that  contain 
gene  elements  that  enable  extra-chromosomal  replication  of  the 
plasmid  DNA  (13).  In  addition  to  persistence  of  gene  expression, 
a  goal  of  gene  targeting  is  the  organ  specificity,  and  even  cellular 
specificity,  of  transgene  expression.  This  degree  of  specificity  is 
possible  with  the  use  of  organ-  or  cell-specific  promoter 
elements. 

The  expression  in  the  mouse  of  the  /3-galactosidase  gene  was 
restricted  to  the  brain,  if  the  /3-galactosidase  gene  was  under  the 
influence  of  the  GFAP  promoter  (Fig.  2 B).  The  pattern  of 
/3-galactosidase  brain  histochemistry  shown  in  Fig.  3  for  adult 
mice  administered  the  transgene  i.v.  is  similar  to  the  /3-galacto¬ 
sidase  histochemistry  of  the  brain  of  transgenic  mice  expressing 
the  /3-galactosidase  gene  under  the  influence  of  the  human 
GFAP  promoter  (3).  The  expression  of  the  /3-galactosidase 
transgene  in  astrocytes  was  confirmed  in  the  present  studies  with 


confocal  microscopy  (Fig.  4).  Three-dimensional  reconstruction 
of  the  confocal  images  of  peri-vascular  astrocytes  reveals  the 
rosette-like  structures  that  invest  the  basement  membrane  sur¬ 
face  of  the  brain  capillary  (Fig.  4  E  and  H),  and  these  structures 
express  the  bacterial  /3-galactosidase  (Fig.  4  D  and  G ).  These 
rosette-like  structures  of  the  astrocyte  foot  processes  are  iden¬ 
tical  to  those  in  normal  rat  brain,  as  described  by  Kacem  et  al. 
(14).  The  /3-galactosidase  transgene  also  is  expressed  in  the  cell 
bodies  of  astrocytes  as  shown  in  Fig.  4  A-C. 

In  summary,  brain-specific  expression  of  an  exogenous  gene  is 
possible  with  the  combined  use  of  a  brain-specific  promoter  and 
a  gene  targeting  system  using  PILs.  This  gene  delivery  system 
offers  the  same  advantages  of  viral  delivery  systems,  such  as  ( i ) 
interiorization  of  the  exogenous  gene  in  a  nanocontainer,  and 
protection  from  ubiquitous  endonucleases  in  vivo ,  and  (ii)  sur¬ 
face  proteins  that  trigger  uptake  of  the  gene  by  target  cells. 
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However,  humans  have  pre-existing  immunity  to  either  adeno¬ 
virus  or  herpes  simplex  virus,  and  the  single  injection  of  either 
virus  into  either  animal  or  human  brain  results  in  an  inflamma¬ 
tory  reaction  in  brain  that  can  lead  to  demyelination  (15,  16).  In 
contrast,  the  immunogenicity  of  the  PIL  is  restricted  to  the 
targeting  mAb,  and  the  antibody  immunogenicity  can  be  elim¬ 
inated  with  the  use  of  genetically  engineered  “humanized” 
mAbs.  A  mAb  to  the  human  insulin  receptor  (HIR)  is  an  active 
BBB  delivery  system  in  Old  World  primates  and  humans  and 
delivers  4%  of  the  injected  dose  to  the  primate  brain  (17).  This 
murine  HIR  mAb  has  been  genetically  engineered  for  use  in 
humans  (18).  The  reactivity  of  the  genetically  engineered  form 
of  the  anti-HIR  mAb  is  identical  to  that  of  the  original  murine 
HIR  mAb,  both  with  respect  to  binding  to  the  HIR  and  in  vivo 
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targeting  to  the  primate  brain  (18).  The  combined  use  of 
genetically  engineered  mAbs  that  are  nonimmunogenic,  and  the 
PIL  gene  targeting  system,  may  enable  the  widespread  expres¬ 
sion  of  a  therapeutic  gene  throughout  the  brain  in  humans  after 
i.v.  administration.  Brain  specificity  of  gene  expression  can  be 
controlled  with  the  use  of  specific  promoter  and  enhancer 
elements  taken  from  brain-specific  genes. 

The  pGfa-lacZ  plasmid  was  provided  by  Dr.  Jose  Segovia,  and  the  8D3 
rat  hybridoma  line  was  provided  by  Dr.  Britta  Engelhardt.  Daniel  Jeong 
skillfully  prepared  the  manuscript.  This  work  was  supported  by  a  grant 
from  the  University  of  California,  Davis/Medical  Investigation  of 
Neurodevelopmental  Disorders  Institute  Research  Program,  and  the 
U.S.  Department  of  Defense.  The  communicating  member  is  a  member 
of  the  Scientific  Advisory  Board  of  Lexrite  Labs. 

11.  Osaka,  G.,  Carey,  K.,  Cuthbertson,  A.,  Godowski,  P.,  Patapoff,  T.,  Ryan,  A., 
Gadek  T.  &  Mordenti,  J.  (1996)  J.  Pharmacol  Sci.  85,  612-618. 

12.  Zinn,  K.  R.,  Douglas,  J.  T.,  Smyth,  C.  A.,  Liu,  H.  G.,  Wu,  Q.,  Krasnykh,  V.  N., 
Mountz,  J.  D.,  Curiel,  D.  T.  &  Mountz,  J.  M.  (1998)  Gene  Ther.  5, 
798-808. 

13.  Pardridge,  W.  M.  (2001)  Brain  Drug  Targeting  (Cambridge  Univ.  Press, 
Cambridge,  U.K). 

14.  Kacem,  K.,  Lacombe,  P.,  Seylaz,  J.  &  Bonvento,  G.  (1998)  GLIA  23,  1-10. 

15.  Lawrence,  M.  S.,  Foellmer,  H.  G.,  Elsworth,  J.  D.,  Kim,  J.  H.,  Leranth,  C., 
Kozlowski,  D.  A.,  Bothwell,  A.  L.,  Davidson,  B.  L.,  Bohn,  M.  C.  &  Redmond, 
D.  E,  Jr.  (1999)  Gene  Ther.  6,  1368-1379. 

16.  Dewey,  R.  A.,  Morrissey,  G.,  Cowsill,  C.  M.,  Stone,  D.,  Bolognani,  F.,  Dodd, 
N.  J.,  Southgate,  T.  D.,  Klatzmann,  D.,  Lassmann,  FI.,  Castro,  M.  G.  & 
Lowenstein,  P.  R.  (1999)  Nat.  Med.  5,  1256-1263. 

17.  Pardridge,  W.  M.,  Kang,  Y.-S.,  Buciak,  J.  L.  &  Yang,  J.  (1995)  Pharm.  Res.  12, 
807-816. 

18.  Coloma,  M.  J.,  Lee,  Fi.  J.,  Kurihara,  A.,  Landaw,  E.  M.,  Boado,  R.  J.,  Morrison, 
S.  L.  &  Pardridge,  W.  M.  (2000)  Pharm.  Res.  17,  266-274. 


Shi  et  al. 


PNAS 


|  October  23,  2001  |  vol.  98  |  no.  22  |  12759 


NEUROBIOLOGY 


REVIEWS 


DRUG  AND  GENE  TARGETING  TO 
THE  BRAIN  WITH  MOLECULAR 
TROJAN  HORSES 


William  M.  Pardridge 

Getting  drugs  and  genes  into  the  brain  is  a  tall  order.  This  is  because  the  presence  of  the 
blood-brain  barrier  prevents  many  molecules  from  crossing  into  the  brain.  Overcoming  this 
problem  will  have  a  profound  effect  on  the  treatment  of  many  neurological  disorders,  allowing 
larger  water-soluble  molecules  to  pass  into  the  brain.  Transport  vectors,  such  as  endogenous 
peptides,  modified  proteins  or  peptidomimetic  monoclonal  antibodies,  are  one  way  of  tricking 
the  brain  into  allowing  these  molecules  to  pass.  This  article  will  review  such  molecular  Trojan 
Horses,  and  the  progress  that  has  been  made  in  the  delivery  of  drugs  and  genes  to  the  brain. 


PEPTIDOMIMETIC 
A  molecule  that  binds  to  a 
blood-brain  barrier  (BBB) 
receptor  and  initiates 
receptor-mediated  transcytosis 
(RMT)  across  the  BBB. 

A  peptidomimetic  monoclonal 
antibody  binds  to  an 
extracellular  projecting  epitope 
on  the  receptor  to  trigger  RMT 
in  a  manner  similar  to  the 
endogenous  ligand  for  the 
receptor. 

ENDOTHELIUM 

Consists  of  cells  of  mesenchymal 
origin  that  comprise  the 
innermost  cellular  lining  of 
the  capillary. 
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After  ten  years  of  fighting  the  Trojans,  the  Greeks  played 
the  most  famous  trick  in  military  history  —  building  a 
wooden  horse.  Once  taken  within  the  walls  of  Troy, 
Greek  soldiers  hidden  inside  the  Trojan  Horse  slipped 
out  in  the  middle  of  the  night  and  opened  the  city  gates. 
The  Greek  army  thus  entered  and  destroyed  the  city.  As 
this  strategy  worked  for  the  Greeks,  so  it  can  work  for 
transporting  molecules  across  the  blood-brain  barrier 
(BBB).  Molecular  Trojan  Horses  are  brain  transport 
vectors  that  include  endogenous  peptides,  modified 
proteins  and  peptidomimetic  monoclonal  antibodies. 
These  vectors  target  specific  receptor/transport  systems 
of  the  brain  capillary  endothelium  and  undergo  receptor- 
mediated  transcytosis  through  the  BBB.  This  tech¬ 
nology  has  allowed  the  brain  targeting  of  recombinant 
proteins  for  neuroprotection,  antisense  radiopharma¬ 
ceuticals  for  in  vivo  imaging  of  brain  gene  expression, 
and  non-viral  genes. 

The  blood-brain  barrier 

Getting  most  molecules  into  the  brain  is  certainly  a 
Herculean  task  (BOX  l).  The  BBB  prevents  the  brain 
uptake  of  >98%  of  all  potential  neurotherapeutics1.  It  is 
found  in  the  brain  of  all  vertebrates2,  and  is  laid  down  in 
the  first  trimester  of  human  fetal  life3.  The  anatomical 
basis  of  the  BBB  arises  from  special  cellular  features  of 


brain  capillary  endothelial  cells,  which  include  tight 
junctions  and  minimal  pinocytosis4. 

The  surface  area  of  the  human  BBB  is  ~20  m2,  or  the 
size  of  a  small  room,  and  the  total  length  of  capillaries  in 
the  human  brain  is  -400  miles1.  The  intracellular  space 
of  the  brain  capillary  endothelium  is  -0.8  pi  g'1,  or 
about  1  ml  for  a  1 ,200-g  human  brain1.  The  distance 
between  capillaries  in  the  brain  is  -40  pm  (BOX  l):  a 
small  molecule  diffuses  a  distance  of  40  pm  in  one  sec¬ 
ond,  and  the  plasma  transit  time  through  the  brain 
microvasculature  is  also  about  one  second1.  The  angio- 
architecture  of  the  brain  has  evolved  to  allow  instan¬ 
taneous  drug  or  solute  equilibration  throughout  the 
entire  brain  interstitial  fluid,  once  the  drug  or  solute 
traverses  the  limiting  membrane  between  blood  and 
brain  —  the  BBB. 

The  brain  microvasculature  comprises  four  types 
of  cell5:  endothelial  cells,  pericytes,  astrocyte  foot 
processes  and  an  occasional  nerve  ending  (FIG.  l).  The 
endothelial  cells  in  the  brain  share  the  capillary  base¬ 
ment  membrane  with  pericytes  —  cells  that  have  an 
important  role  in  immune  surveillance  at  the  brain 
microvasculature6.  Nearly  99%  of  the  surface  on  the 
brain  side  of  the  capillary  basement  membrane  is  sur¬ 
rounded  by  astrocyte  foot  processes  (FIG.  l).  The  distance 
between  the  astrocyte  foot  process  and  the  capillary 
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Box  1  |  BBB,  brain  microvasculature  and  capillary  endothelium 


a 


The  blood-brain  barrier  (BBB)  problem  is  illustrated  in 
panel  a,  which  is  a  whole-body  film  autoradiogram  of  a 
mouse  that  was  sacrificed  30  minutes  after  the  intravenous 
injection  of  radiolabelled  histamine,  a  small  molecule  of 
-100-Da  molecular  mass55.  The  study  shows  that  a  small 
molecule,  such  as  histamine,  readily  traverses  the  porous 
capillary  beds  of  all  organs  in  the  body  except  for  the  brain 
or  spinal  cord.  Even  though  histamine  is  a  relatively  lipid- 
soluble  small  molecule,  there  is  no  transport  into  the  brain 
owing  to  the  presence  of  the  BBB.  In  panel  b,  the  brain 
microvasculature  or  capillary  bed  is  visualized  by  a  scanning 
electron  micrograph  of  a  vascular  cast  of  the  human 
cerebellar  cortex56.  The  capillaries  are  separated  by  a  distance 
of  -40  pm.  The  BBB  consists  of  two  membranes  in  series,  the 
luminal  and  abluminal  membranes,  which  are  separated  by 
-300  nm  of  endothelial  cytoplasm.  Panel  c  illustrates  the 
distribution  of  the  GLUT1  glucose  transporter  on  the 
luminal  and  abluminal  membranes  of  the  capillary 
endothelium  in  human  brain,  which  can  be  determined  using 
immunogold  electron  microscopy57.  The  GLUT1  glucose 
transporter  is  also  expressed  on  the  plasma  membrane  of 
human  red  blood  cells.  In  addition  to  transporters,  the  cells 
of  the  brain  microvasculature  also  express  enzymes58,  and 
these  form  a  second  line  of  defence,  or  an  ‘enzymatic  BBB’. 
(Part  a  reprinted  with  permission  from  REF.  55  ©  (1986) 
American  College  of  Physicians-American  Society  of 
Internal  Medicine;  part  b,  reprinted  from  REF.  56  ©  ( 1983), 
with  permission  from  Elsevier  Science.) 


TRANSCYTOSIS 

Transport  across  the  endothelial 
barrier  by  movement  through 
the  endothelial  cytoplasm  (the 
transcellular  pathway),  in 
contrast  to  transport  across  the 
endothelial  barrier  by 
movement  through  the  inter- 
endothelial  junctional  spaces 
(the  paracellular  pathway). 

PINOCYTOSIS 
Transcytosis  across  the 
endothelial  cell  through 
endosomal  vesicles  and/or  a 
tubulovesicular  network  within 
the  endothelial  cell. 

MICROVASCULATURE 
The  capillary  network  that 
perfuses  the  brain  and  delivers  to 
the  brain  circulating  nutrients 
and  oxygen. 

PERICYTE 

A  multifunctional  cell  that 
shares  the  basement  membrane 
of  the  microvasculature  with  the 
endothelium,  and  sits  on  the 
brain  side  of  the  capillary. 


basement  membrane  is  only  20  nm  (ref.  7).  So,  the  topo¬ 
logical  relationships  between  the  capillary  endothelial 
cells,  microvascular  pericytes  and  astrocyte  foot  process 
are  as  intimate  as  any  non-junctional  cell-cell  inter¬ 
actions  in  biology.  There  is  also  direct  innervation  of  the 
capillary  bed  by  nerve  endings  of  either  intracerebral  or 
extracerebral  origin  (FIG.  l).  Several  cells  interact  at  the 
brain  microvasculature,  but  the  site  of  permeability 
restriction  is  the  endothelial  cell. 

Brain  capillary  endothelial  cells  are  cemented 
together  by  epithelial-like  high-resistance  tight  junctions. 
The  formation  of  the  tight  junctions  is  associated  with 
a  100-fold  reduction  of  pinocytosis  across  the  endo¬ 
thelium.  The  tight  junctions  segregate  the  endothelial 
plasma  membrane  into  two  domains;  the  luminal 
membrane  on  the  blood  side,  and  the  abluminal  mem¬ 
brane  on  the  brain  side  of  the  BBB. 

The  usual  pathways  of  solute-free  diffusion  across 
capillary  endothelial  barriers  are  the  paracellular  pathway, 
through  open  endothelial  junctions,  and  the  transcellular 
pathway,  which  involves  either  endothelial  pinocytosis  for 
large  molecules  or  direct  transfer  across  the  endothelial 
cell  plasma  membrane  for  small  molecules.  However, 
there  is  minimal  pinocytosis  and  no  paracellular  pathway 
at  the  brain  microvasculature.  Therefore,  molecules 
circulating  in  the  blood  gain  access  to  the  brain  interstitial 
fluid  by  transport  through  endothelial  cells,  and  this 
transport  may  occur  by  one  of  two  processes:  lipid- 
mediated  free  diffusion  or  catalysed  transport. 

The  lipid-mediated  free  diffusion  of  a  drug  through 
the  BBB  requires  that  it  has  both  lipid  solubility  and  a 
molecular  mass  under  a  threshold  of  400-500  Da  {ref.  8). 


All  of  the  small-molecule  neurotherapeutics  that  are 
used  in  clinical  practice  at  present  have  both  of  these 
characteristics.  Lipid-mediated  free  diffusion  through 
the  BBB  is  reduced  if  the  drug  is  either  water  soluble  or 
has  a  molecular  mass  above  the  400-500-Da  threshold. 
Most  of  the  drugs  that  are  selected  as  drug  candidates  by 
receptor-based  high-throughput  screening  programmes 
lack  these  dual  characteristics,  and  will  not  undergo 
transport  across  the  BBB  without  the  intervention  of 
brain  drug-targeting  technology. 

Physiological  transport  across  the  BBB 

Small  or  large  water-soluble  molecules  can  cross  the 
BBB  by  means  of  catalysed  transport  by  accessing  specific 
transport  systems  that  are  located  on  the  luminal 
and/or  abluminal  membranes  of  the  brain  capillary 
endothelium1.  Accessing  a  transport  system  on  the 
luminal  membrane  allows  blood-borne  molecules  to 
enter  the  intra-endothelial  compartment.  The  molecule 
must  then  traverse  the  abluminal  membrane  of  the 
capillary  endothelium  to  gain  access  to  the  brain  inter- 
stitium.  The  three  broad  classes  of  BBB  catalysed- 
transport  systems  are  carrier-mediated  transport 
(CMT),  active-efflux  transport  (AET)  and  receptor- 
mediated  transcytosis  (RMT)  (BOX  2). 

Transporting  drugs  across  the  BBB 

Knowledge  of  the  cellular  and  molecular  biology  of  the 
BBB  transport  systems  provides  the  basis  for  brain 
drug- targeting  technology.  This  knowledge  leads  to  new 
strategies  for  the  reformulation  of  a  drug,  so  that  BBB 
transport  is  increased  to  such  a  degree  that  the  drug 
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EXOFACIAL 

Part  of  a  plasma-membrane 
receptor  that  projects  outwards 
into  the  extracellular  space. 

NEUROTROPHIN 
A  protein  produced  within  the 
brain  that  modulates  neuronal 
function  and  structure. 


Figure  1  |  Four-cell  model  of  the  brain  microvasculature. 

The  capillary  endothelium  shares  a  basement  membrane  with 
pericytes,  and  >99%  of  the  brain  surface  of  the  capillary 
basement  membrane  is  surrounded  by  astrocyte  foot 
processes.  There  is  occasional  neuronal  innervation  of  the 
capillary.  The  permeability  properties  of  the  blood-brain 
barrier  are  controlled  by  the  endothelial  cells,  which  express 
high-resistance  tight  junctions4. 


enters  the  brain  in  pharmacologically  significant 
amounts.  For  example,  a  monoamine  drug  might  be  con¬ 
verted  to  the  corresponding  amino  acid,  which  would 
then  access  the  brain  by  CMT  through  the  BBB  LAT1 
large  neutral  amino-acid  transporter.  By  contrast,  a  drug 
that  is  a  substrate  for  a  BBB  AET  system  might  gain  access 
to  the  brain  by  the  administration  of  a  ‘co-drug’  that 
inhibits  the  targeted  AET  system1.  Neither  the  CMT  sys¬ 
tem  nor  the  AET  system  is  a  portal  of  entry  to  the  brain 
for  large-molecule  drugs.  However,  large-molecule  drugs, 
such  as  recombinant  proteins,  antisense  drugs,  mono¬ 
clonal  antibodies  or  gene  medicines,  can  be  targeted  to 
the  brain  using  RMT  systems. 

RMT  systems  can  either  be  selectively  localized  to  the 
luminal  membrane  or  the  abluminal  membrane  of  the 
capillary  endothelium,  or  be  expressed  on  both  mem¬ 
branes.  An  RMT  system  that  is  exclusively  expressed  on 
the  luminal  membrane  allows  uptake  from  the  blood 
into  only  the  intracellular  compartment  of  the  brain 
capillary  endothelial  cell.  The  model  receptor  for  this 
pathway  is  the  scavenger  receptor,  which  mediates  the 
uptake  of  acetylated  low-density  lipoprotein1.  An  RMT 
system  that  is  selectively  localized  to  the  abluminal 
membrane  mediates  asymmetric  transcytosis  across  the 
BBB  in  the  brain-to-blood  direction  only.  The  model 
receptor  for  this  pathway  is  the  immunoglobulin  Fc 
receptor  (FcR).  Because  of  the  presence  of  the  FcR  on 
the  brain  side  of  the  BBB,  immunoglobulin  G  (IgG) 
molecules  are  actively  transported  from  brain  to  blood9, 
and  there  is  no  transport  of  IgG  in  the  blood-to-brain 
direction5.  RMT  systems  that  are  located  on  both  the 
luminal  and  abluminal  membranes  of  the  BBB,  such  as 
the  transferrin  receptor  (TFR)1,  mediate  the  transport 
of  their  substrates  (in  this  case,  transferrin;  TF)  in  either 
the  blood-to-brain10  or  brain-to-blood11  directions. 

Chimeric  peptide  technology 

The  observation  that  BBB  RMT  systems  mediate  the 


brain  uptake  of  circulating  endogenous  peptides  or 
proteins,  such  as  insulin  or  TF,  provided  the  basis  for  an 
approach  to  brain  drug  targeting  called  chimeric  pep¬ 
tide  technology1.  A  chimeric  peptide  is  formed  when  a 
drug  that  is  not  normally  transported  across  the  BBB  is 
conjugated  to  a  transport  vector  that  does  undergo 
transport  across  the  BBB,  by  means  of  either  RMT  for 
endogenous  ligands,  or  absorptive-mediated  trans¬ 
cytosis  for  cationic  proteins  or  lectins.  The  transport 
vector  that  uses  an  RMT  system  at  the  BBB  could  be  an 
endogenous  peptide,  such  as  insulin  or  TF,  or  a  receptor- 
specific  peptidomimetic  monoclonal  antibody  (MAb). 
Peptidomimetic  MAbs  are  endocytosing  antibodies 
that  bind  to  exofacial  epitopes  on  the  receptor  that  are 
distinct  from  the  binding  site  of  the  endogenous  ligand. 
The  MAb  therefore  crosses  the  BBB  through  the  RMT 
system  without  interfering  with  transport  of  the 
endogenous  ligand10.  Because  transport  is  mediated  by 
the  vector  half  of  the  chimeric  peptide,  this  approach 
allows  drugs  to  be  transported  across  the  BBB  without 
being  recognized  by  endothelial  receptors. 

Drugs  can  be  conjugated  to  transport  vectors  using 
several  approaches,  including  avidin-biotin  technology. 
With  this  method,  a  genetically  engineered  fusion  protein 
of  the  transport  vector  and  either  avidin  or  streptavidin 
is  prepared  in  parallel  with  mono-biotinylation  of  the 
neurotherapeutic.  Because  of  the  extremely  high  binding 
affinity  of  avidin  or  streptavidin  for  biotin,  (Kd  =  10'15  M; 
dissociation  half-life,  t1/2=  89  days)12,  there  is  instan¬ 
taneous  capture  of  the  biotinylated  therapeutic  by  the 
vector-avidin  or  vector-streptavidin  fusion  protein. 
This  approach  lends  itself  to  a  ‘two-vial’  format  of  drug 
administration1.  The  vector-avidin  fusion  protein  is  pre¬ 
pared  in  one  vial,  and  the  mono-biotinylated  drug  is 
prepared  in  a  second  vial.  Just  before  intravenous  or 
subcutaneous  administration,  the  two  vials  are  mixed, 
which  is  followed  by  the  instantaneous  formation  of  a 
drug-vector  complex.  Alternatively,  protein-based  neuro¬ 
therapeutics  can  be  delivered  to  the  brain  after  the  pro¬ 
duction  of  a  vector-drug  fusion  gene  and  fusion 
protein1.  In  either  case,  the  chimeric  peptide  can  be 
manufactured  in  large  scale  using  existing  methods  for 
the  production  of  biological  pharmaceuticals.  In  the 
design  of  a  chimeric  peptide,  the  overriding  principle  is 
to  retain  the  bifunctionality  of  the  molecule,  so  that  the 
chimeric  peptide  binds  both  the  BBB  RMT  system  and 
the  target  receptor  in  the  brain.  With  chimeric  peptide 
technology,  virtually  any  large-molecule  drug  can  be 
targeted  to  the  brain. 

RMT  strategies 

The  availability  of  drug  and  gene  brain-targeting  tech¬ 
nology  that  uses  BBB  RMT  systems  allows  a  nearly 
unlimited  expansion  of  drug  development  programmes. 
Drugs  and  genes  that  were  previously  undeveloped  as 
brain  pharmaceuticals  because  of  the  BBB  problem  can 
now  enter  central  nervous  system  (CNS)  drug  develop¬ 
ment.  Some  examples  are  reviewed  here.  Reformulation 
enables  the  delivery  of  these  proteins  to  the  brain  after 
intravenous  administration,  allowing  neurotrophins  to  be 
developed  as  drugs  for  stroke  or  neurodegenerative 
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Box  2  |  Three  classes  of  BBB  transport  systems 


Carrier-mediated 

transport 


Active-efflux 

transport 


Receptor-mediated 

transport 


Carrier-mediated  transport  ( CMT).  CMT  systems  catalyse  the  bidirectional 
movement  between  blood  and  brain  of  small-molecule  polar  nutrients,  such  as 
glucose,  amino  acids,  monocarboxyhc  acids,  choline,  purine  nucleobases  and 
nucleosides,  thyroid  hormone  and  water-soluble  vitamins.  All  of  these  molecules 
access  different  CMT  systems.  CMT  occurs  through  specialized  transporter  proteins 
that  are  stereospecific  and  mediate  solute  transport  in  the  order  of  milliseconds.  CMT 
systems  are  expressed  on  both  the  luminal  and  abluminal  membranes  of  the  capillary 
endothelium,  so  that  transport  in  either  the  blood-to-brain  or  brain-to-blood 
direction  can  be  mediated  (panel  a).  Examples  include  the  GLUT1  glucose 
transporters,  MCT1  lactate  transporters,  LAT1  large  neutral  amino-acid  transporters 
and  CNT2  adenosine  transporters. 

Active-efflux  transport  (AET).  AET  systems  mediate  the  unidirectional  efflux  from 
brain  to  blood  of  low-molecular-mass  metabolic  by-products  and  xenobiotics. 
P-glycoprotein  and  organic  anion-transporting  polypeptide  type  2  (OATP2)  are 
examples  of  AET  systems  at  the  brain  microvasculature59,60.  The  AET  protein  can  be 
asymmetrically  localized  to  the  abluminal  membrane  of  the  endothelial  cell,  as  shown  in 
panel  b,  and  can  work  in  concert  with  equilibrative  transport  systems  localized  at  the 
luminal  endothelial  membrane. 

Receptor-mediated  transcytosis  (RMT).  RMT  systems  comprise  peptide-specific 
receptors,  such  as  the  insulin  receptor,  the  transferrin  receptor  (TFR)  or  the  leptin 
receptor,  and  these  mediate  the  brain  uptake  of  circulating  endogenous  peptides  and 
proteins,  such  as  insulin  or  transferrin61.  The  TFR,  which  is  depicted  as  system  1  in  panel 
c,  is  a  bidirectional  system  that  transports  transferrin  in  either  the  blood-to-brain  or 
brain-to-blood  direction1 The  blood-brain  barrier  Fc  receptor,  which  is  depicted  as 
system  2  in  panel  c,  selectively  transports  immunoglobulin  G  molecules  in  the  brain-to- 
blood  direction  only9.  The  type  I  scavenger  receptor,  which  is  depicted  as  system  3  in 
panel  c,  can  only  mediate  the  uptake  of  circulating  ligand,  such  as  acetylated  low-density 
lipoprotein,  into  the  brain  capillary  endothelial  compartment,  without  transcytosis  or 
release  into  brain1. 

CNT2,  sodium-coupled  nucleoside  transporter;  MCT1,  monocarboxylic-acid  transporter. 


CEREBRAL  INFARCTION 
Loss  of  brain  tissue  subsequent 
to  the  transient  or  permanent 
loss  of  circulation  and/or  oxygen 
delivery  to  that  region  of  the 
brain;  also  known  as  a  stroke. 

XENOBIOTIC 

A  drug  or  naturally  occuring 
alkaloid  that  has 
pharmacological  properties. 


disease.  Peptide  radiopharmaceuticals  that  cross  the 
BBB  have  the  potential  to  increase  greatly  the  scope  of 
neuroimaging  modalities.  These  drugs  can  be  delivered 
to  the  brain  for  the  early  diagnosis  of  brain  disorders, 
including  brain  cancer  and  Alzheimer’s  disease  (AD). 
Gene  expression  in  the  brain  can  be  imaged  non-inva- 
sively  with  sequence-specific  antisense  radiopharmaceu¬ 
ticals  that  have  been  reformulated  to  enable  transport 
through  the  BBB.  Finally,  many  intractable  disorders  of 
the  brain  might  benefit  from  gene  therapy.  However,  the 
only  way  that  a  gene  can  be  widely  dispersed  to  the 
human  brain  is  by  transport  across  the  400  miles  of  cap¬ 
illaries.  This  can  be  achieved  with  brain  gene-targeting 
technology  that  uses  BBB  RMT  systems  to  deliver  non- 
viral  gene  medicines  to  all  parts  of  the  brain  after  intra¬ 
venous  administration. 


Delivering  neuroprotective  drugs 

Stroke  is  the  third  leading  cause  of  death  worldwide. 
There  is  no  neuroprotective  available  for  the  acute 
treatment  of  stroke  at  present,  and  the  cost  for  stroke 
rehabilitation  in  the  United  States  alone  is  US$40  billion 
per  year  (see  link  to  the  American  Heart  Association). 
Small-molecule  neuroprotectives  have  failed  in  clinical 
trials,  because  these  drugs  are  either  too  toxic  or  do  not 
cross  the  BBB.  A  new  approach  to  neuroprotection  in 
stroke  is  the  development  of  recombinant  neurotrophins 
that  are  engineered  to  cross  the  BBB. 

Although  the  BBB  is  disrupted  in  experimental 
stroke13,14,  breakdown  is  delayed  for  4-6  hours  after  the 
stroke,  and  by  this  time,  the  chances  of  permanent 
neuroprotection  are  minimal15.  In  the  few  hours  after 
cerebral  infarction,  when  neuroprotection  is  still  possi¬ 
ble,  the  BBB  is  intact,  and  circulating  neurotrophins  do 
not  cross  the  BBB  without  the  intervention  of  drug¬ 
targeting  technology16-18. 

More  than  30  naturally  occurring  neurotrophins  are 
normally  produced  in  the  brain19,  and  many  are  neuro¬ 
protective  in  stroke  or  brain  injury  when  injected 
directly  into  the  brain  —  not  a  practical  or  useful 
human  therapeutic  modality  (BOX3).  However,  neuro¬ 
trophins  are  ineffective  after  intravenous  administration 
because  they  do  not  cross  the  BBB  in  vivo.  Present-day 
neurotrophin  drug  development  programmes  are 
focused  only  on  the  development  of  neurotrophin  pep- 
tidomimetic  small  molecules.  However,  neurotrophin 
small-molecule  mimetics  are  generally  antagonists,  not 
agonists19.  These  mimetics  are  either  water-soluble  or 
have  molecular  masses  >500  Da,  and  either  characteristic 
will  preclude  transport  across  the  BBB  in  pharmacolog¬ 
ically  significant  amounts1.  Therefore,  this  type  of  drug 
probably  needs  to  be  reformulated  to  enable  transport 
across  the  BBB. 

The  pharmacological  activity  of  a  neurotrophin 
chimeric  peptide  has  been  investigated  using  brain- 
derived  neurotrophic  factor  (BDNF).  The  structure  of 
the  BDNF  chimeric  peptide  is  shown  in  FIG.  2.  It  is  a 
bifunctional  molecule  that  binds  the  neurotrophic 
tyrosine-kinase  receptor  (TRKB)  on  neurons  to  mediate 
neuroprotection,  and  the  TFR  at  the  BBB  to  mediate 
transport  from  blood  to  brain.  BDNF  is  conjugated  to 
an  anti-TFR  MAb  using  avidin-biotin  technology  (FIG.  2a). 
The  BDNF  chimeric  peptide  is  neuroprotective  in  global 
ischaemia16,  and  in  both  permanent17  or  reversible18 
regional  brain  ischaemia.  The  delayed  intravenous 
administration  of  low  doses  (5-50  pg  per  rat)  of  the 
BDNF  chimeric  peptide  results  in  a  reduction  of  stroke 
volume  by  up  to  70%  in  regional  brain  ischaemia17,18, 
and  a  complete  restoration  of  the  pyramidal  neuron 
density  in  the  CA1  sector  of  a  hippocampus  subjected  to 
transient  global  ischaemia16. 

This  is  a  promising  therapeutic  avenue  for  stroke, 
providing  that  action  can  be  taken  within  three  hours 
after  the  event,  when  neuroprotection  is  still  possible. 

Delivering  neurodiagnostic  agents 

Most  present-day  diagnostic-imaging  modalities  use 
small-molecule  radiopharmaceuticals,  which  bind  to 
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Box  3  |  Craniotomy-based  drug  delivery  to  the  brain 


a  Intracerebral  implant^.  2.5  mm  -  b  Intracerebroventricular  injection  ' 


It  is  not  practical  to  administer  neurotrophins  to  humans  by  either  intracerebroventricular  (ICV)  infusion  or  intracerebral 
injection.  These  invasive  procedures  allow  the  distribution  of  drugs  to  only  the  ependymal  surface  in  the  case  of  ICV  infusion, 
or  the  local  depot  site  where  the  treatment  volume  is  <  1  mm’  in  the  case  of  intra-cerebral  injection1.  Panel  a  shows  a  film 
autoradiogram  of  a  rat  brain  after  the  implantation  of  a  polymeric  disc  embedded  with  1 25-iodine  ( [  125I]  )-nerve  growth  factor 
(NGF)62.  The  diameter  of  the  disc  is  2  mm  and  the  magnification  bar  is  2.5  mm,  indicating  that  there  has  been  minimal 
diffusion  of  the  neurotrophin  from  the  depot  site.  The  picture  in  panel  b  is  a  film  autoradiogram  of  a  rat  brain  24  hours  after 
the  ICV  injection  of  [125I]  -brain-derived  neurotrophic  factor  (BDNF)63,  which  shows  that  there  is  minimal  entry  of  the  neuro¬ 
trophin  into  the  brain  from  the  ependymal  surface.  3V,  third  ventricle;  LV,  lateral  ventricle.  (Part  a  reprinted  from  REF.  62  © 

( 1995),  with  permission  from  Elsevier  Science;  part  b  reprinted  with  permission  from  REF  63  ©  ( 1994)  Academic  Press.) 


EPENDYMAL  SURFACE 
The  surface  of  the  brain  that  is 
lined  by  the  ependymal 
epithelium,  which  is  in  contact 
with  the  cerebrospinal  fluid. 

AMYLOID 

A  silk- like  protein  aggregate 
that  consists  of  a  peptide  that 
has  a  high  degree  of  (3-pleated- 
sheet  secondary  structure, 
which  enables  the  aggregation 
of  the  peptide  into  plaques  that 
deposit  in  the  extracellular 
space  of  the  brain. 


one  of  several  monoaminergic  or  aminoacidergic  neuro¬ 
transmission  systems.  However,  there  are  hundreds  of 
peptidergic  neuromodulation  systems  in  the  brain5. 
Peptide  radiopharmaceuticals  could  prove  to  be  neuro¬ 
imaging  agents,  should  these  molecules  be  made  trans¬ 
portable  across  the  BBB  in  vivo. 

Brain  cancer.  The  epidermal  growth  factor  receptor 
(EGFR)  is  overexpressed  in  brain  cancer22,23,  so  EGF 
peptide  radiopharmaceuticals  are  potential  imaging 
agents  for  the  early  diagnosis  of  brain  cancer.  However, 
EGF  does  not  cross  the  BBB24.  Therefore,  this  peptide 
radiopharmaceutical  was  reformulated  to  enable  trans¬ 
port  across  the  BBB  for  imaging  experimental  human 
brain  cancer25.  The  structure  of  the  EGF  chimeric  peptide 
is  shown  in  FIG.  2b;  it  is  a  bifunctional  molecule  that 
binds  to  both  the  tumour  cell  EGFR,  enabling  imaging 
of  the  tumour,  and  to  the  BBB  TFR,  allowing  transport 
from  the  blood  into  the  tumour.  The  BBB  in  the  brain 
tumour  is  called  the  brain-tumour  barrier  (BTB). 
Although  the  BTB  is  leaky  in  the  core  of  the  tumour  in 
advanced  stages,  it  is  intact  in  the  early  stages  of  brain 
cancer,  when  diagnosis  is  desired.  Even  in  advanced  brain 
cancer,  the  BTB  is  intact  to  large-molecule  drugs,  such  as 
EGF  peptide  radiopharmaceuticals24.  Without  brain 
drug-targeting  technology,  EGF  is  not  transportable 
across  either  the  BBB  in  normal  brain  or  the  BTB  in  a 
brain  tumour.  The  EGF  chimeric  peptide  that  is  shown  in 
FIG.  2b  has  an  extended  200-atom  poly(ethyleneglycol) 
(PEG)  linker  between  the  EGF  and  the  transport  vector.  If 
a  shorter  14-atom  linker  is  used,  then  the  EGF  is  bound 
too  tightly  to  the  transport  vector,  and  the  EGF  chimeric 
peptide  no  longer  binds  to  the  EGFR26.  Replacing  the 
short  linker  with  a  200-atom  extended  PEG  linker  elimi¬ 
nates  the  steric  hindrance  of  EGF  binding  to  the  EGFR. 
The  PEG  linker  is  attached  to  one  of  the  internal  lysine 
residues  of  the  recombinant  EGF.  A  diethylenetriamine- 


pentacetic  acid  (DTPA)  moiety  is  attached  to  the  other 
lysine  residue  on  human  EGF  to  allow  radiolabelling  by 
chelation  of  1 1 1  -indium  (FIG.  2b). 

Experimental  tumours  that  overexpress  the  human 
EGFR  have  been  developed  in  the  brains  of  nude  rats25. 
When  an  EGF  chimeric  peptide  radiopharmaceutical 
was  administered,  there  was  an  uptake  by  small  or  large 
brain  tumours.  The  ratio  of  radioactivity  sequestered 
at  the  brain  tumour  relative  to  normal  brain  was  20: 1 
(ref.  25).  The  EGF  chimeric  peptide  radiopharmaceutical 
was  sequestered  in  the  brain  tumour  due  to  binding  to 
the  tumour  EGFR,  but  effluxed  back  to  the  blood  from 
normal  brain  due  to  the  absence  of  the  EGFR  in  non¬ 
tumour  brain  regions.  The  radiopharmaceutical  alone 
was  not  taken  up.  These  studies  show  that  it  is  possible 
to  image  the  regional  distribution  of  specific  receptor 
systems  in  the  brain  with  peptide  radiopharmaceuticals 
that  are  enabled  to  cross  the  BBB  using  brain  drug¬ 
targeting  systems. 

Alzheimer’s  disease.  AD  is  caused  by  the  long-term 
progressive  deposition  of  amyloid  within  the  brain;  the 
principal  component  of  this  amyloid  is  a  43-amino-acid 
peptide  designated  amyloid-p1-43  (Ap1-43).  Amyloid 
deposits  start  to  develop  years  before  the  onset  of 
dementia27,  so  there  is  an  urgent  need  for  the  develop¬ 
ment  of  a  diagnostic  test  for  people  at  risk  for  AD,  so  that 
early  treatment  can  be  initiated.  It  has  been  estimated 
that  a  delay  in  the  onset  of  symptoms  of  AD  by  just  five 
years  will  reduce  US  health-care  costs  by  US$50  billion 
per  year  (see  link  to  the  Alliance  for  Aging  Research). 
There  is  no  blood  test  that  is  specific  for  the  diagnosis  of 
AD,  so  extensive  efforts  have  been  made  to  develop  an 
AD  diagnostic  brain  scan  that  could  semi-quantitate  the 
Ap  burden  in  the  brains  of  people  at  risk  of  developing 
AD.  Three  types  of  amyloid  imaging  agent  are  now  being 
developed:  Congo  red  derivatives,  anti-Ap  monoclonal 
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chimeric  peptide.  The  neurotrophin  is  conjugated  to  a  monoclonal  antibody  (MAb)  directed  against  the  transferrin  receptor  (TFR). 

The  BDNF  chimeric  peptide  binds  to  both  the  TFR,  to  enable  transport  across  the  blood-brain  barrier  (BBB),  and  the  neurotrophic 
tyrosine-kinase  receptor  (TRKB),  to  mediate  neuroprotection.  The  BDNF  is  conjugated  to  the  targeting  MAb  using  avidin-biotin 
technology.  A  single  biotin  moiety  is  linked  to  the  BDNF  to  enable  high-affinity  capture  by  a  conjugate  of  streptavidin  (SA)  and  the 
anti-TFR  MAb.  b  |  The  structure  of  an  epidermal  growth  factor  (EGF)  chimeric  peptide  is  shown.  Human  recombinant  EGF  is 
conjugated  to  a  MAb  to  the  TFR.  An  extended  200-atom  linker  consisting  of  3,400-Da  poly(ethyleneglycol)  (PEG3’™)  is  placed 
between  the  EGF  and  the  transport  vector  to  release  any  steric  hindrance  of  EGF  binding  to  the  EGF  receptor  (EGFR)  that  might  be 
caused  by  attachment  of  the  peptide  to  the  transport  vector.  The  EGF  is  also  conjugated  with  diethylenetriaminepentaacetic  acid 
(DTPA)  to  allow  radiolabelling  by  chelation  of  11 1-indium  ('"In),  c  |  Structure  of  an  antisense  radiopharmaceutical  that  is 
reformulated  to  enable  transport  across  both  the  BBB  and  the  brain  cell  membrane  (BCM).  The  antisense  imaging  agent  comprises 
four  domains.  First,  a  transport  domain  is  formed  by  an  anti-TFR  MAb,  which  causes  receptor-mediated  transcytosis  (RMT)  across 
the  BBB  and  receptor-mediated  endocytosis  across  the  brain  cell  membrane  (BCM)  in  vivo.  Second,  a  linker  domain  consists  of  SA, 
which  is  attached  to  the  MAb  transport  vector,  and  a  biotin  moiety,  which  is  attached  to  the  amino  terminus  of  a  peptide  nucleic  acid 
(PNA).  Third,  an  antisense  domain  consists  of  a  sequence-specific  PNA,  which  hybridizes  to  a  target  messenger  RNA.  Finally,  a 
radiopharmaceutical  domain  contains  either  1 25-iodine  (125l)  attached  to  a  carboxy-terminal  tyrosine  (Tyr)  residue,  or  '"In  chelated  to 
a  DTPA  moiety  that  is  conjugated  to  a  carboxy-terminal  lysine  (Lys)  residue,  d  |  A  double-stranded  supercoiled  plasmid  DNA 
containing  an  exogenous  gene  that  is  packaged  into  the  interior  of  an  85-nm  liposome.  The  surface  of  the  liposome  is  conjugated 
with  -2,000  strands  of  PEG,  and  the  tips  of  1  -2%  of  the  PEG  strands  are  conjugated  with  a  targeting  MAb.  In  these  studies,  the 
targeting  MAb  is  directed  at  TFR,  which  is  expressed  at  both  the  BBB  and  the  BCM. 


antibodies,  and  peptide  radiopharmaceuticals  consisting 
of  shorter  versions  of  AfT-43,  such  as  Ap1-40.  However, 
none  of  the  above  amyloid-imaging  agents  crosses  the 
BBB,  so  it  is  not  possible  to  image  the  AP  burden  in  the 
brain  without  BBB  drug- targeting  technology. 

An  ApM0  peptide  radiopharmaceutical  can  be  made 
to  be  transportable  across  the  BBB  by  conjugation  to 
BBB  drug- targeting  systems28.  After  dual  modifications 
of  ApM0  to  enable  both  labelling  with  1 1 1  -indium  and 
conjugation  to  BBB  drug-delivery  systems,  the  Ap"40  still 
binds  to  amyloid  plaques  in  autopsy  sections  of  AD 
brains29.  The  neuroimaging  of  brain  amyloid  in  trans¬ 
genic  mice  in  vivo  has  recently  been  reported  using  an  Ap 
peptide  radiopharmaceutical  conjugated  to  a  BBB  drug¬ 
targeting  vector30.  These  chimeric  peptides  represent  new 
amyloid-imaging  agents  for  the  early  detection  and 
semi-quantitation  of  the  Ap  burden  in  patients  with  AD. 

Delivering  antisense  radiopharmaceuticals 

Several  genes  are  selectively  expressed  in  brain  diseases, 
but  only  a  small  fraction  of  these  are  genes  of  known 
function1.  This  is  illustrated  by  the  Brain  Tumor  Cancer 


Genome  Anatomy  Project  (see  link  to  BT-CGAP).  A 
review  of  the  BT-CGAP  database  shows  that  >99%  of 
the  genes  that  are  uniquely  expressed  in  brain  cancer  are 
genes  of  unknown  function.  If  the  only  information  that 
is  available  about  a  new  disease-specific  gene  is  the 
sequence,  then  the  only  way  it  is  possible  to  image  gene 
expression  in  vivo  is  with  sequence-specific  antisense 
radiopharmaceuticals.  An  antisense  radiopharmaceutical 
must  be  able  to  access  the  target  messenger  RNA  mole¬ 
cule  in  the  cytosol  of  brain  cells.  It  must  therefore  be 
able  to  traverse  two  barriers  in  series:  the  BBB,  followed 
by  the  brain  cell  membrane  (BCM).  The  TFR  is 
expressed  at  both  the  BBB  and  the  BCM,  and  an  anti- 
TFR  MAb  could  be  used  as  a  transport  vector  to  allow 
targeting  of  an  antisense  radiopharmaceutical  across 
both  the  BBB  and  the  BCM  in  vivo1. 

There  are  three  general  classes  of  antisense  agents: 
phosphodiester  oligodeoxynucleotides  (PO-ODNs), 
phosphorothioate  oligodeoxynucleotides  (PS-ODNs) 
and  peptide  nucleic  acids  (PNAs).  Unfortunately,  the 
PO-ODNs  are  rapidly  degraded  by  nucleases  in  vivo.  The 
PS-ODNs  are  more  metabolically  stable  in  vivo,  but 
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RETICULO-ENDOTHELIAL 
A  system  of  phagocytic  cells  that 
line  the  microvasculature  of  the 
liver  and  spleen,  and  which 
remove  foreign  substances  or 
particles  from  the  blood. 


avidly  bind  to  various  cellular31  and  plasma  proteins32, 
including  a2-macroglobulin,  a  plasma  protein  of  nearly 
106-Da  molecular  mass.  This  binding  to  very  large 
plasma  proteins  blocks  the  transport  of  PS-ODN-vector 
conjugates  across  the  BBB  in  vivo33.  PNAs  are  metaboli- 
cally  stable  in  vivo,  do  not  bind  non-specifically  to  a 
variety  of  proteins,  and  represent  an  ideal  antisense  agent 
to  develop  as  a  radiopharmaceutical.  However,  they  do 
not  cross  the  BBB34,  or  cell  membranes  in  general35. 

Nonetheless,  PNAs  can  be  made  to  be  transportable 
across  the  BBB  if  they  are  reformulated  and  adapted 
using  drug-targeting  technology36.  The  structure  of  a 
PNA  chimeric  peptide,  consisting  of  four  domains,  is 
shown  in  FIG.  2c.  The  nucleobase  sequence  of  a  model 
18-mer  PNA  was  designed  to  hybridize  to  luciferase 
mRNA  around  the  methionine  initiation  codon36. 
RNase  protection  assays  showed  that  the  PNA  still 
hybridized  to  the  target  mRNA  sequence,  despite  conju¬ 
gation  to  the  BBB  drug- targeting  system.  The  imaging 
of  luciferase  gene  expression  in  the  brain  in  vivo  was 
done  with  an  experimental  brain-tumour  model36  (FIG.  3). 
These  studies  indicate  that  to  image  gene  expression  in 
vivo,  there  must  be  sequence  specificity  of  the  antisense 
radiopharmaceutical,  and  the  antisense  radiopharma¬ 
ceutical  must  be  able  to  cross  the  BBB  and  BCM  using 
drug-targeting  technology. 

Large  sections  of  the  human  genome  express  novel 
genes  of  known  sequence  and  unknown  function. 
These  genes  are  expressed  in  a  disease-specific  pattern. 
Therefore,  the  need  to  develop  antisense-based  gene¬ 
imaging  technology  will  probably  increase  in  the  future. 
PNAs,  or  other  classes  of  antisense  agents,  could  be  used 
to  image  gene  expression  in  vivo  if  they  are  reformulated 
using  brain  drug-targeting  technology. 

Gene  therapy  for  the  brain 

At  present,  brain  gene  therapy  requires  the  intracerebral 
implantation  of  a  therapeutic  gene,  which  is  inserted 
into  a  viral  vector.  However,  the  effective  treatment 
volume  after  intracerebral  injection  is  only  the  tip  of  a 
needle,  or  <1  mm3,  so  it  is  not  possible  to  have  wide¬ 
spread  expression  of  an  exogenous  gene  throughout  a 
significant  volume  of  the  brain  using  this  method. 
Viral  vectors  that  are  commonly  used  are  adenovirus 
and  herpes  simplex  virus  (HSV).  However,  virtually  all 
humans,  and  many  experimental  animals,  have  a  pre¬ 
existing  immunity  to  both  viruses37,38.  Consequently,  a 
single  intracerebral  administration  of  either  adeno¬ 
virus  or  HSV  into  animal  or  human  brain  results  in  a 
local  inflammatory  reaction  that  leads  to  demyelina- 
tion39^2.  Therefore,  it  is  desirable  to  develop  non-viral 
vectors  for  gene  therapy.  Cationic  liposome-DNA 
complexes  allow  non-viral  gene  delivery  into  cells  in 
tissue  culture.  However,  these  complexes  immediately 
aggregate  into  micrometre-scale  structures  on  mixing 
with  physiological  saline43,44,  and  are  not  expressed  in 
the  brain  after  intravenous  administration45.  If  the 
gene  is  reformulated  to  enable  transport  across  the 
BBB,  then  there  should  be  widespread  expression  of 
the  exogenous  gene  throughout  the  brain  after  intra¬ 
venous  administration. 


The  reformulation  of  a  double-stranded,  supercoiled, 
non-viral  plasmid  DNA  using  brain  gene-targeting 
technology  is  shown  in  FIG.  2d.  The  DNA  is  encapsulated 
in  the  interior  of  a  PEGylated  immunoliposome  (PIL)46. 
This  liposome  has  a  net  anionic  charge47,  in  contrast  to 
cationic  liposomes.  Unlike  cationic  liposomes,  which 
are  unstable  in  both  saline43,44  and  serum48,  the  PIL  for¬ 
mulation  is  stable  in  either  medium46,49.  The  packaging 
of  the  plasmid  DNA  within  the  interior  of  the  liposome 
eliminates  the  susceptibility  of  the  DNA  to  the  ubiqui¬ 
tous  nucleases  that  are  present  in  the  body  in  vivo.  In 
this  respect,  the  packaging  of  the  therapeutic  gene  into 
the  interior  of  a  nanocontainer  such  as  a  liposome  is 
similar  to  packaging  the  gene  in  a  viral  vector.  However, 
unlike  viral  vectors,  the  PIL  is  not  coated  with  highly 
antigenic  viral  proteins.  The  simple  encapsulation  of  the 
plasmid  DNA  into  the  interior  of  a  100-nm  liposome 
would  not  yield  significant  gene  expression  in  vivo, 
because  the  liposome  would  be  immediately  taken  up 
by  cells  lining  the  reticulo-endothelial  system  of  the 
body.  Uptake  by  the  reticulo-endothelial  system  can  be 
greatly  reduced,  and  the  blood  residence  time  pro¬ 
longed,  by  conjugating  several  thousand  strands  of 
2,000-Da  PEG50,  designated  PEG2,000,  to  the  surface  of 


PNA  chimeric  peptide 


Figure  3  |  Imaging  gene  expression  in  the  brain  in  vivo.  C6 

rat  glioma  cells  were  permanently  transfected  with  a  gene  that 
encodes  luciferase,  and  these  cells  were  implanted  in  the 
caudate-putamen  nucleus  of  adult  rats36.  The  experimental  brain 
tumours  selectively  expressed  the  luciferase  gene  in  vivo,  based 
on  measurements  of  tumour  luciferase  enzyme  activity.  a,b  |  Anti- 
luciferase  peptide  nucleic  acid  (PNA)  conjugated  to  a  brain  drug¬ 
targeting  system.  c,d  |  Unconjugated  anti-luciferase  PNA.  Figures 
a  and  c  are  autopsy  stains,  which  show  that  large  experimental 
tumours  are  formed.  These  tumour-bearing  rats  were  given  an 
anti-luciferase  peptide  nucleic  acid  (PNA)  radiopharmaceutical 
intravenously  two  hours  before  sacrifice  and  film  autoradiography 
of  brain  sections.  When  unconjugated  anti-luciferase  PNA  was 
administered,  there  was  no  specific  imaging  of  the  brain  tumour 
in  vivo  (d).  However,  when  the  PNA  antisense 
radiopharmaceutical  was  conjugated  to  the  brain  drug-targeting 
system,  the  brain  tumour  that  expressed  the  luciferase  gene  was 
imaged  (b).  By  contrast,  when  a  PNA  that  was  specific  to  a  viral 
messenger  RNA  was  conjugated  to  the  anti-Tfr  MAb  and  injected 
intravenously  into  the  tumour-bearing  rats,  there  was  no  imaging 
of  the  experimental  brain  tumour  in  vivo 36  owing  to  the  absence 
of  the  viral  mRNA  in  the  brain.  MAb,  monoclonal  antibody;  Tfr,  rat 
transferrin  receptor.  (Reprinted  with  permission  from  ref.  36  © 
(2000)  National  Academy  of  Sciences,  USA.) 
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Figure  4  |  Non-viral,  non-invasive  gene  targeting  to  the 
brain,  a  |  Targeting  an  exogenous  gene  encapsulated  in  a 
PEGylated  immunoliposome  (PIL)  with  a  monoclonal  antibody  to 
the  mouse  transferrin  receptor  (Tfr)  results  in  widespread  gene 
expression  in  the  brain  following  intravenous  administration.  The 
figure  shows  p-galactosidase  histochemistry  of  a  section  of 
mouse  brain  that  was  removed  48  hours  after  a  single 
intravenous  injection  of  a  p-galactosidase  expression  plasmid51. 

If  the  exogenous  gene  is  under  the  influence  of  a  widely 
expressed  gene  promoter,  such  as  the  SV40  promoter,  the  gene 
is  also  expressed  in  TFR-rich  organs,  such  as  the  liver  or 
spleen47.  Conversely,  if  the  expression  of  the  exogenous  gene  is 
regulated  by  a  brain-specific  promoter,  then  gene  expression  is 
confined  to  the  brain51.  This  was  shown  by  replacing  the  SV40 
promoter  with  the  5'-flanking  sequence  of  the  gene  for  the 
human  glial  fibrillary  acidic  protein  (GFAP).  A  p-galactosidase 
expression  plasmid,  under  the  influence  of  the  GFAP  promoter, 
was  packaged  into  the  interior  of  a  targeted  PIL  and  injected 
intravenously  into  mice.  Although  the  p-galactosidase  gene  was 
widely  expressed  in  the  brain,  there  was  no  gene  expression  in 
peripheral  tissues51 .  These  studies  show  that  tissue-specific 
expression  of  exogenous  genes  can  be  achieved  with  tissue- 
specific  gene  promoters,  b  |  There  is  no  detectable  expression  of 
the  p-galactosidase  gene  in  mouse  brain  two  days  after  an 
intravenous  injection  if  the  plasmid  DNA  is  packaged  into  the 
interior  of  PILs  that  were  targeted  with  a  non-specific  rat 
immunoglobulin-G  control  antibody51.  (Reprinted  with  permission 
from  ref.  51  ©  (2001 )  National  Academy  of  Sciences,  USA.) 


the  liposome.  However,  the  PEGylated  liposome  will  not 
cross  biological  barriers  in  vivo,  and  so  will  not  cross 
either  the  BBB  or  the  BCM. 

PEGylated  liposomes  that  are  carrying  plasmid  DNA 
can  be  enabled  to  cross  the  BBB  and  BCM  by  conjugating 
a  targeting  ligand  to  the  tips  of  1-2%  of  the  PEG2,000 
strands,  as  shown  in  FIG.  2d.  Targeting  ligands,  such  as 
peptidomimetic  MAbs,  trigger  the  RMT  of  the  PIL 
across  the  BBB,  and  also  cause  the  receptor-mediated 
endocytosis  of  the  PIL  across  the  BCM49.  Then,  the  lipo¬ 
some  lipids  fuse  with  the  endosomal  membrane  to 
release  the  plasmid  into  the  cytosol,  where  it  can  then 
diffuse  to  the  nucleus  for  transcription.  The  delivery  of 
exogenous  DNA  to  the  nucleus  with  the  PIL  gene-target¬ 
ing  system  has  been  shown  with  confocal  microscopy49. 

The  widespread  expression  of  an  exogenous  gene 
throughout  the  brain  after  an  intravenous  injection  of  a 
non-viral  formulation  is  shown  in  FIG.  4.  In  this  study,  a 
P-galactosidase  expression  plasmid  was  packaged  into 
the  interior  of  a  PIL  that  was  targeted  with  the  8D3 


MAb,  and  injected  intravenously  into  mice.  The  brain 
was  removed  48  hours  later  for  P-galactosidase  histo¬ 
chemistry  (FIG.  4a)51.  Conversely,  if  the  8D3  targeting 
ligand  on  the  PIL  is  replaced  with  a  non-specific  rat  IgG, 
there  is  no  expression  of  the  exogenous  p-galactosidase 
gene  as  shown  by  brain  histochemistry  (FIG.  4b).  These 
control  experiments  using  PILs  prepared  with  non¬ 
specific  IgGs  show  that  organ  uptake  of  the  PIL  is 
determined  by  the  receptor  specificity  of  the  targeting 
ligand46,47,51.  Gene  targeting  to  mouse  brain  was  accom¬ 
plished  with  the  rat  8D3  MAb  to  the  mouse  Tfr,  as  the 
0X26  murine  MAb  to  the  rat  Tfr  is  inactive  in  mice52. 

Cell-specific  gene  expression  in  the  brain  will  be 
beneficial  for  the  treatment  of  certain  neurological  dis¬ 
eases.  For  example,  in  Parkinson’s  disease,  the  expres¬ 
sion  of  a  tyrosine  hydroxylase  exogenous  gene  could  be 
restricted  to  the  basal  ganglia,  with  minimal  expression 
in  the  cortex.  Region-specific  expression  of  an  exoge¬ 
nous  gene  in  the  brain  after  intravenous  administration 
might  be  possible  with  the  combined  use  of  gene-target¬ 
ing  technology,  cloned  therapeutic  genes  and  region- 
specific  gene  promoters51.  Gene-targeting  technology 
can  enable  the  widespread  expression  of  an  exogenous 
gene  in  the  brain  after  intravenous  administration  (FIG.  4). 
The  limiting  factor  is  the  discovery  of  cell-specific  pro¬ 
moters  in  the  brain  that  drive  region-specific  gene 
expression. 

Conclusions 

Despite  the  importance  of  solving  the  BBB  problem  to 
the  overall  neuroscience  mission,  there  is  surprisingly 
little  worldwide  effort  in  this  area.  The  underdevelop¬ 
ment  of  BBB  research  and  brain  drug/gene-targeting 
technology  is  presumably  derived  from  the  dual 
assumptions  that  the  BBB  problem  is  not  solvable,  and 
that  small-molecule  drugs  freely  cross  the  BBB.  Because 
most  drugs  do  not  cross  the  BBB,  and  because  brain 
drug-targeting  technology  is  generally  not  available,  the 
fate  of  most  CNS  drug  development  programmes  is 
termination.  Furthermore,  the  BBB  problem  might  not 
be  recognized,  and  the  drug  development  programme 
might  not  be  terminated  until  the  failure  of  a  Phase  II  or 
even  Phase  III  clinical  trial.  However,  the  BBB  problem 
is  solvable,  and  no  CNS  drug  development  programme 
need  be  terminated  if  brain  drug/gene-targeting  tech¬ 
nology  is  developed.  Because  the  processes  of  CNS  drug 
discovery  and  CNS  drug  targeting  are  so  different,  it  is 
important  that  independent  brain  drug- targeting  pro¬ 
grammes  be  developed  in  parallel  with  the  brain  drug 
discovery  programmes.  The  interaction  between  the 
CNS  drug  discovery  and  the  CNS  drug-targeting  pro¬ 
grammes  should  take  place  as  early  as  possible  in  the 
overall  CNS  drug  development  effort. 

Technologies  now  exist  to  enable  the  delivery  to  the 
human  brain  of  virtually  any  large-molecule  neuro- 
therapeutic,  including  recombinant  proteins,  antisense 
agents  and  gene  medicines.  Transport  vectors  specific 
for  the  human  BBB  are  available53,  and  have  been  genet¬ 
ically  engineered  to  allow  administration  to  humans54. 
Molecular  Trojan  Horses  could  be  the  vectors  that 
launch  a  thousand  drugs  across  the  BBB. 
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Brain  drug  development  of  either  small  molecule  or 
large  molecule  (recombinant  proteins,  gene  medi¬ 
cines)  neurotherapeutics  has  been  limited,  owing  to 
the  restrictive  transport  properties  of  the  brain  micro¬ 
vasculature,  which  forms  the  blood-brain  barrier  (BBB) 
in  vivo.  Widespread  drug  delivery  to  the  brain,  while 
not  feasible  via  craniotomy  and  intracerebral  injection, 
is  possible  if  the  drug  is  delivered  to  brain  via  the 
transvascular  route  through  the  BBB.  Novel  brain  drug 
delivery  and  drug  targeting  strategies  can  be  devel¬ 
oped  from  an  understanding  of  the  molecular  and  cel¬ 
lular  biology  of  the  brain  microvascular  and  BBB  trans¬ 
port  processes. 

Introduction 

Brain  drug  delivery  is  the  rate-limiting  step  in  the  transla¬ 
tion  of  progress  in  the  molecular  neurosciences  into 
clinically  effective  neurotherapeutics  for  patients  with 
disorders  of  the  central  nervous  system  (CNS).  Progress 
in  brain  drug  delivery  has  lagged  behind  other  areas  in 
the  molecular  neurosciences,  because  of  the  difficulties 
posed  by  the  blood-brain  barrier  (BBB).  The  brains  of 
all  vertebrates  are  perfused  by  a  dense  microvascular 
network,  which  is  formed  by  the  capillary  endothelial 
cells  within  the  brain  (Bar,  1980). 

The  density  of  the  microvasculature  of  the  brain  is 
illustrated  with  the  India  ink  injection  study  in  the  adult 
rat  brain  shown  in  Figure  1A.  The  capillary  network  in 
the  brain  is  so  intricate  that  no  neuron  or  glial  cell  is 
more  than  20  p.m  from  a  neighboring  capillary.  There¬ 
fore,  every  neuron  is  virtually  perfused  by  its  own  mi¬ 
crovessel.  Once  a  circulating  neurotherapeutic  crosses 
the  brain  microvascular  wall,  the  drug  or  gene  is  immedi¬ 
ately  delivered  to  the  “doorstep”  of  every  neuron  within 
the  brain. 

Brain  Barrier  Systems.  In  addition  to  the  brain  micro¬ 
vascular  endothelial  barrier,  which  forms  the  BBB,  there 
are  other  barrier  systems  within  the  CNS,  including  the 
arachnoid  epithelial  membrane,  which  covers  the  sur¬ 
face  of  the  brain,  and  the  choroid  plexus  epithelium, 
which  forms  the  blood-cerebrospinal  fluid  (CSF)  barrier. 
In  humans,  there  are  approximately  400  miles  of  capillar¬ 
ies  perfusing  the  brain,  and  the  surface  area  of  the  brain 
microvascular  endothelium  is  approximately  20  m2  (Par¬ 
dridge,  2001),  which  is  1 000-fold  greater  than  the  surface 
area  of  either  the  blood-CSF  barrier  or  the  arachnoid 
membrane  (Dohrmann,  1970).  Therefore,  the  quantita¬ 
tively  important  barrier  system  within  the  brain  is  the 
BBB  at  the  capillary  endothelium  (Figure  1A).  Despite 
the  vast  surface  area  of  the  human  BBB,  the  thickness 
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of  the  BBB  is  very  thin,  and  the  total  intracellular  volume 
of  the  brain  capillary  endothelium  is  only  5  ml  in  the 
entire  human  brain  and  1  pi  in  the  rat  brain.  The  thickness 
of  the  brain  capillary  endothelial  cell  is  about  200-300 
nm.  This  very  thin  cellular  barrier  has  some  of  the  most 
restrictive  permeability  properties  of  any  biological 
membrane  (Oldendorf,  1971). 

Multifunctional  Basis  of  BBB  to  Drugs.  Drug  entry 
into  brain  from  blood  is  restricted  at  the  BBB  through 
multiple  mechanisms,  including  a  physical  endothelial 
barrier,  an  enzymatic  BBB,  and  an  efflux  barrier.  This 
multifunctionality  of  the  BBB  arises  from  the  multicellu- 
larity  of  the  brain  microvasculature,  which  is  formed  by 
the  triad  of  brain  capillary  endothelial  cells,  capillary 
pericytes,  and  perivascular  astrocyte  foot  processes 
(Pardridge,  2001).  The  endothelium  and  pericyte  share 
a  common  microvascular  basement  membrane,  and 
99%  of  the  brain  surface  of  the  capillary  basement  mem¬ 
brane  is  invested  by  the  end-feet  of  processes  extending 
from  astrocyte  cell  bodies  originating  within  brain  paren¬ 
chyma. 

Endothelial  Tight  Junctions.  Capillaries  perfusing  pe¬ 
ripheral  organs  have  porous  endothelial  walls.  Periph¬ 
eral  capillaries  have  open  interendothelial  junctional 
spaces  and  active  pinocytosis,  which  form  a  paracellular 
route  and  a  transcellular  route,  respectively,  for  the  free 
diffusion  of  molecules  from  the  blood  to  the  organ  inter- 
stitium.  However,  in  the  vertebrate  brain,  the  capillary 
endothelial  cells  express  epithelial-like  high  resistance 
tight  junctions,  which  eliminate  the  paracellular  path¬ 
way,  and  have  minimal  pinocytosis,  which  eliminates 
the  nonspecific  transcellular  route  of  molecular  trans¬ 
port  from  blood  to  brain  (Brightman,  1977).  The  combi¬ 
nation  of  the  very  high  resistance  endothelial  tight  junc¬ 
tions  and  the  minimal  endothelial  pinocytosis  forms  a 
physical  barrier  to  drug  entry  into  brain  from  blood. 

Enzymatic  BBB.  There  is  an  “enzymatic  BBB”  to  circu¬ 
lating  drugs,  in  addition  to  the  physical  barrier  formed  by 
the  endothelial  tight  junctions.  The  capillary  endothelial 
cells,  the  capillary  pericytes,  and  the  astrocyte  foot  pro¬ 
cesses  all  express  a  variety  of  ecto-enzymes  on  the 
cellular  plasma  membranes,  including  aminopeptidases, 
carboxypeptidases,  endopeptidases,  cholinesterases, 
and  others,  which  inactivate  many  drugs  that  may  pass 
the  endothelial  barrier.  For  example,  circulating  adeno¬ 
sine  enters  brain  from  blood  via  the  BBB  concentrative 
nucleoside  transporter  type  2  (CNT2)  but  does  not  have 
pharmacological  effects  in  the  brain,  owing  to  rapid  in¬ 
activation  at  the  BBB  by  adenosine  metabolizing  en¬ 
zymes  (Pardridge,  2001).  Conversely,  the  enzymatic 
BBB  may  serve  to  activate  pro-drugs.  Circulating 
L-DOPA  enters  brain  via  the  BBB  large  neutral  amino 
acid  transporter  type  1  (LAT1)  and  is  rapidly  converted 
to  dopamine,  the  pharmacologically  active  form  of  the 
drug,  by  microvascular  aromatic  amino  acid  decarboxyl¬ 
ase  (AAAD). 

Active  Efflux  Barrier.  Certain  drugs  may  cross  the  en¬ 
dothelial  barrier  via  free  diffusion  and  undergo  influx 
from  the  blood  to  the  brain  compartment.  However,  this 
influx  can  be  immediately  followed  by  active  efflux  from 
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Figure  1 .  Transvascular  and  Transcranial  Drug  Delivery  to  the  Brain 

(A)  India  ink  injection  in  adult  rats  shows  the  dense  microvascular 
network  within  the  brain  (Bar,  1980).  These  brain  capillaries  form 
the  BBB,  and  the  delivery  of  drugs  or  genes  across  the  BBB  is  the 
only  pathway  that  enables  widespread  distribution  of  the  drug  to 
all  cells  within  the  brain. 

(B)  Film  autoradiogram  of  rat  brain  48  hr  after  the  intracerebral 
(1C)  implantation  of  a  biodegradable  polymer  containing  [125l]-nerve 
growth  factor  (NGF)  (Krewson  et  al.,  1995).  The  distance  bar  is  2.5 
mm,  and  the  diameter  of  the  polymer  was  2  mm;  therefore,  there  is 
minimal  diffusion  of  the  NGF  into  brain  away  from  the  1C  implant. 

(C)  Film  autoradiogram  of  rat  brain  24  hr  after  the  ICV  injection  of 
[,25I]-BDNF  (Yan  et  al.,  1994).  The  neurotrophin  does  not  distribute 
into  brain  beyond  the  ipsilateral  ependymal  surface. 


brain  back  to  blood  if  the  drug  is  a  substrate  for  one  of 
many  different  active  efflux  transporters  (AET)  ex¬ 
pressed  within  the  brain  microvasculature.  P-glycopro- 
tein  is  the  model  AET  at  the  BBB  (Tsuji  and  Tamai,  1999), 
but  there  are  many  other  efflux  systems,  such  as  organic 
anion  transporting  polypeptide  type  2  (oatp2)  (Asaba  et 
al.,  2000).  One  strategy  to  increase  drug  uptake  into 
brain  is  the  development  of  “co-drugs”  (Pardridge, 
2001).  Co-drugs  are  inhibitors  of  BBB  AET  systems  and 
are  coadministered  with  the  pharmacologically  active 
drug  that  is  an  AET  substrate.  This  is  analogous  to  the 
administration  of  an  AAAD-inhibitor  with  L-DOPA  to  pre¬ 
vent  early  degradation  of  the  drug.  In  this  case,  the 
AAAD-inhibitor  should  be  a  drug  that  does  not  cross 
the  BBB  and  selectively  inhibits  AAAD  in  the  periphery. 

Owing  to  these  unique  barrier  properties  of  the  micro- 
vascular  endothelial  barrier  in  the  vertebrate  brain,  circu¬ 
lating  molecules  in  the  blood  gain  access  to  brain  inter¬ 
stitial  space  via  only  one  of  two  transport  mechanisms: 

•  Lipid-mediated  free  diffusion  of  small  molecules 

•  Catalyzed  transport  of  small  or  large  molecules 

Free  Diffusion  of  Small  Molecules.  Certain  small  mole¬ 


cules  can  traverse  the  BBB  nonspecifically  via  lipid- 
mediated  transport.  A  misconception  with  respect  to 
small  molecule  transport  across  the  BBB  is  that  if  a 
molecule  is  “small,”  then  BBB  transport  is  unrestricted. 
Only  small  molecules  that  are  (1)  lipid  soluble  and  (2) 
have  a  molecular  weight  <500  Da  threshold  cross  the 
BBB  in  pharmacologically  significant  amounts  (Par¬ 
dridge,  2001 ).  Virtually  all  drugs  presently  in  CNS  clinical 
practice  are  small  molecules  that  have  these  dual  molec¬ 
ular  characteristics.  Similarly,  if  a  small  molecule  is  water 
soluble  or  has  a  molecular  weight  >500  Da,  the  drug 
may  not  cross  biological  barriers  in  pharmacologically 
significant  amounts  and  have  reduced  absorption,  as 
predicted  by  the  “Rule  of  5”  (Lipinski  et  al.,  1997).  The 
adverse  effect  of  molecular  weight  on  membrane  perme¬ 
ation  is  not  observed  if  the  molecular  weight  of  the  drug 
is  <400  Daltons  (Habgood  et  al.,  2000).  However,  if  the 
molecular  weight  of  the  drug  causes  the  surface  area  of 
the  drug  to  exceed  50-1 00  angstroms2,  then  membrane 
permeation  of  the  drug  will  not  increase  in  proportion 
to  the  increase  in  lipid  solubility  of  the  drug  (Fischer  et 
al.,  1998).  The  dependence  of  drug  permeation  through 
biological  membranes  on  either  molecular  volume  or 
molecular  weight  is  not  predicted  by  measurements  of 
drug  partitioning  in  solvents,  because  drug  diffusion 
through  solvents  is  not  identical  to  drug  diffusion  across 
biological  membranes  (Lieb  and  Stein,  1986).  Lipid  me¬ 
diation  of  small  molecules  through  biological  mem¬ 
branes  requires  molecular  movement  through  channels 
within  the  lipid  bilayer,  and  these  channels  have  a  finite 
size  (references  can  be  found  in  Pardridge,  2001).  In 
summary,  there  are  multiple  impediments  to  small  mole¬ 
cule  transport  across  the  BBB,  and  the  following  charac¬ 
teristics  are  associated  with  reduced  BBB  transport  and 
reduced  in  vivo  CNS  pharmacologic  activity: 

•  Molecular  weight  >500  Daltons 

•  Sum  of  hydrogen  bond  donor/acceptor  groups  >10 

•  Substrate  for  BBB  enzyme  system 

•  Substrate  for  BBB  active  efflux  transporter 

•  Avid  plasma  protein  binding  of  the  drug 

The  above  factors  make  it  difficult  to  design  a  small 
molecule  drug  with  effective  CNS  activity.  Current  small 
molecule  neuropharmaceuticals  only  effectively  treat  a 
few  CNS  disorders,  including  pain,  epilepsy,  insomnia, 
and  affective  disorders  (Ajay  et  al.,  1 999),  and  the  major¬ 
ity  of  CNS  disorders  have  thus  far  proven  refractory  to 
conventional  small  molecule  therapy.  A  principal  reason 
for  this  failure  of  conventional  drug  therapy  of  the  brain 
is  that  >98%  of  all  small  molecule  drug  candidates  do 
not  cross  the  BBB,  and  no  BBB  drug  targeting  technology 
is  used  by  the  pharmaceutical  industry  (Pardridge,  2001). 

Catalyzed  Transport  via  CMT and  RMT Systems.  Small 
water-soluble  nutrients  and  vitamins  traverse  the  BBB 
rapidly  via  carrier-mediated  transport  (CMT).  The  CMT 
systems  generally  mediate  the  blood-to-brain  transport 
of  nutrients  and  include  the  GLUT1  glucose  transporter, 
the  LAT1  large  neutral  amino  acid  transporter,  the  MCT1 
monocarboxylic  acid  transporter,  the  CNT2  nucleoside 
transporter,  and  many  other  small  molecule  transporters 
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(references  can  be  found  in  Pardridge,  2001).  The  CMT 
systems  are  portals  of  entry  of  small  molecule  drugs 
that  have  a  molecular  structure  similar  to  endogenous 
nutrients.  L-DOPA,  a  neutral  amino  acid,  gains  access 
to  the  brain  via  CMT  on  the  BBB  large  neutral  amino 
acid  transporter.  In  contrast,  the  conjugation  of  glucose 
to  a  peptide  does  not  mediate  transport  via  the  BBB 
GLUT1  carrier  (Witt  et  al.,  2001),  because  the  GLUT1 
transporter  does  not  recognize  the  peptide  structure.  In 
addition  to  the  CMT  systems,  certain  large  molecule 
peptides  or  plasma  proteins  are  selectively  transported 
across  the  BBB  via  receptor-mediated  transport  (RMT) 
systems,  including  the  insulin  receptor,  the  transferrin 
receptor  (TfR),  or  the  leptin  receptor.  RMT  of  circulating 
peptides  is  comprised  of  three  sequential  steps:  (1)  re¬ 
ceptor-mediated  endocytosis  of  the  circulating  peptide 
at  the  luminal  membrane  of  the  capillary  endothelium, 
(2)  movement  through  the  200-300  nm  of  endothelial 
cytoplasm,  and  (3)  exocytosis  of  the  peptide  into  the 
brain  interstitial  fluid  at  the  abluminal  membrane  of  the 
capillary  endothelium  (Pardridge,  2001). 

Brain  Drug  Delivery  Strategies 

Craniotomy-Based  Drug  Delivery  to  the  Brain.  Drugs  or 
genes  may  be  delivered  to  the  brain  via  either  intracere- 
broventricular  (ICV)  injection  or  intracerebral  implanta¬ 
tion  (Shoichet  and  Winn,  2000).  However,  drug  entry  into 
brain  parenchyma  with  either  approach  is  limited  by 
diffusion,  and  little  drug  diffuses  into  brain  far  from  the 
depot  site  (Figures  IB  and  1C).  The  most  direct  ap¬ 
proach  to  drug  or  gene  delivery  to  all  parts  of  the  brain 
is  the  vascular  route  (Figure  1A),  and  the  transvascular 
brain  drug  delivery  strategies  include  hyperosmolar  BBB 
disruption,  drug  lipidization,  protein  cationization,  and 
the  chimeric  peptide  technology. 

Hyperosmolar  BBB  Disruption.  The  intracarotid  arte¬ 
rial  infusion  of  hyperosmolar  solutions  causes  a  shrink¬ 
ing  of  the  brain  and  the  brain  capillary  endothelium,  and 
this  leads  to  a  transient  disruption  of  the  BBB  (Shoichet 
and  Winn,  2000).  BBB  disruption  has  been  used  in  hu¬ 
mans  for  the  delivery  of  chemotherapeutic  agents  to 
brain  cancer  (Dahlborg  et  al.,  1998).  The  concern  with 
BBB  disruption  is  that  this  causes  a  generalized  increase 
in  the  brain  uptake  of  many  plasma  constituents.  Blood 
proteins  are  toxic  to  brain  cells  (Nadal  et  al.,  1995),  and 
hyperosmolar  BBB  disruption  causes  chronic  neuro- 
pathologic  changes  (Salahuddin  et  al.,  1988). 

Drug  Lipidization.  The  BBB  permeability-surface  area 
(PS)  product  is  an  experimental  measure  of  BBB  perme¬ 
ability  to  a  given  drug.  The  BBB  PS  product  for  small 
molecules  may  be  increased  with  lipidization  via  either 
(1)  the  reduction  in  hydrogen  bonding  of  the  drug 
through  conjugation  of  lipid-soluble  functional  groups 
to  water-soluble  moieties  on  the  drug,  or  (2)  conjugation 
of  the  drug  to  a  lipid  carrier  such  as  free  fatty  acid, 
adamantane,  or  dihyropyridine.  A  problem  with  drug 
lipidization  is  that  the  uptake  of  the  lipidized  drug  by 
peripheral  organs  is  also  increased,  and  this  causes 
a  reduction  in  the  plasma  concentration  of  the  drug. 
Therefore,  the  increased  BBB  transport  caused  by  lipidi¬ 
zation  is  offset  by  the  increased  uptake  of  the  drug  by 
peripheral  tissues  (Pardridge,  2001). 

Protein  Cationization.  The  cellular  uptake  of  proteins 
may  be  increased  by  cationizing  the  protein,  which  trig¬ 
gers  electrostatic  interactions  with  anionic  groups  on 


the  membrane,  and  this  induces  absorptive-mediated 
endocytosis  into  the  cell  (Pardridge,  2001 ).  Proteins  may 
be  cationized  via  either  (1)  conjugation  of  amino  groups 
such  as  hexamethylenediamine  to  surface  carboxyl  moi¬ 
eties,  or  (2)  conjugation  of  cationic  “import”  peptides 
such  as  the  arginine-rich  tat  peptide  (Schwarze  et  al., 
1 999).  Protein  cationization  has  the  same  effect  as  drug 
lipidization.  Both  processes  increase  BBB  permeability 
for  the  drug  or  protein  but  also  cause  a  parallel  increase 
in  peripheral  organ  uptake  and  concomitant  decrease 
in  the  plasma  concentration  of  the  drug  or  protein. 
Therefore,  the  brain  uptake  does  not  increase  in  propor¬ 
tion  to  the  increase  in  BBB  transport  following  protein 
cationization  (Lee  and  Pardridge,  2001). 

Chimeric  Peptides.  A  chimeric  peptide  is  formed  when 
a  small  or  large  molecule  drug  that  is  normally  not  trans¬ 
ported  across  the  BBB  is  fused  or  conjugated  to  a  BBB 
transport  vector.  The  latter  is  comprised  of  an  endoge¬ 
nous  peptide,  modified  protein,  or  peptidomimetic  mono¬ 
clonal  antibody  (MAb)  that  undergoes  RMT  through  the 
BBB  on  endogenous  endothelial  receptor  systems  (Par¬ 
dridge,  2001).  A  peptidomimetic  MAb  transport  vector 
binds  an  exofacial  epitope  on  the  BBB  receptor.  The 
MAb  epitope  is  removed  from  the  endogenous  ligand 
binding  site,  and  this  binding  enables  the  MAb  to  “piggy¬ 
back”  across  the  BBB  on  the  endogenous  RMT  system, 
as  demonstrated  by  electron  microscopy  of  brain  follow¬ 
ing  the  in  vivo  perfusion  of  anti-receptor  MAb-gold  con¬ 
jugates.  The  MAb  acts  as  a  transport  vector  and  can 
deliver  to  the  brain  any  attached  drug  or  gene.  A  panel 
of  species-specific  peptidomimetic  MAbs  has  been  de¬ 
veloped  to  allow  for  transport  of  drugs  or  genes  into  the 
brain  of  either  animal  models  or  humans  (references  can 
be  found  in  Pardridge,  2001). 

Brain  Drug  Delivery  of  Large  Molecule  Drugs 
Large  molecule  drugs  are  peptides,  recombinant  pro¬ 
teins,  antisense  agents,  and  gene  medicines.  It  is  widely 
believed  that  the  BBB  transport  of  large  molecule  drugs 
is  not  possible,  and  large  molecule  drug  development 
programs  are  frequently  terminated  in  favor  of  small 
molecule  drug  discovery.  However,  recombinant  pro¬ 
teins,  antisense  drugs,  and  non-viral  gene  medicines 
can  be  delivered  to  the  brain  with  brain  drug  targeting 
technology. 

Recombinant  Proteins.  Neurotrophins  could  be  used 
for  a  wide  variety  of  brain  diseases,  but  these  recombi¬ 
nant  proteins  do  not  cross  the  BBB  in  pharmacologically 
significant  amounts.  Consequently,  virtually  all  current 
neurotrophin  CNS  drug  development  programs  are  fo¬ 
cused  on  the  discovery  of  small  molecule  peptidomimet- 
ics.  However,  most  small  molecule  peptidomimetics  will 
not  have  molecular  characteristics  that  pass  the  strin¬ 
gent  criteria  discussed  above  for  effective  BBB  trans¬ 
port.  Therefore,  the  small  molecule  peptidomimetic 
would  benefit  from  reformulation  with  a  BBB  drug  deliv¬ 
ery  strategy  to  be  pharmacologically  active  in  the  brain. 
The  development  of  a  small  molecule  drug  that  crosses 
the  BBB  can  be  just  as  difficult  as  the  development  of 
a  large  molecule  drug  that  is  transported  across  the 
BBB.  Therefore,  one  alternative  is  to  reformulate  the 
large  molecule  drug  with  a  BBB  drug  delivery  strategy. 
This  has  been  done  with  the  chimeric  peptide  technol¬ 
ogy,  wherein  a  nontransportable  peptide  is  conjugated 
to  a  BBB  transport  vector,  which  functions  as  a  molecu- 
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Abstract 

Background  Exogenous  genes  can  be  delivered  to  cells  without  viral  vectors 
using  an  “artificial  virus”  comprised  of  nonviral  plasmid  DNA  encapsulated 
in  the  interior  of  85  nm  pegylated  immunoliposomes  (PIL).  The  liposomes 
are  targeted  to  cells  with  receptor-specific  targeting  ligands  such  as  receptor- 
specific  peptidomimetic  monoclonal  antibodies. 
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Methods  The  levels  of  luciferase  gene  expression  in  human  or  rat  glioma 
cells  are  measured  after  targeting  the  PIL-encapsulated  plasmid  DNA  via  the 
human  insulin  receptor,  the  human  epidermal  growth  factor  receptor,  or 
the  rat  transferrin  receptor.  The  luciferase  expression  plasmids  were  either 
derived  from  pCEP4,  which  contains  the  Epstein-Barr  nuclear  antigen- 1/oriP 
replication  system,  or  from  pGL2,  which  lacks  this  system  for  episomal 
replication  of  plasmid  DNA. 


Results  Depending  on  the  plasmid  construct  used  and  the  receptor  targeted, 
the  peak  luciferase  gene  expression  varied  more  than  200-fold  from  1.8  ±  0.1 
to  419  ±  31  pg  luciferase  per  mg  cell  protein.  With  the  same  plasmid,  the 
peak  level  of  gene  expression  following  delivery  to  the  cell  via  the  human 
insulin  receptor  was  100-200-fold  higher  than  gene  expression  following 
delivery  via  either  the  epidermal  growth  factor  receptor  or  the  transferrin 
receptor.  There  was  no  gene  expression  if  the  targeting  ligand  on  the  PIL  was 
replaced  with  a  nonspecific  isotype  control  antibody. 


Conclusions  The  extent  to  which  an  exogenous  gene  is  expressed  within  a 
cell  via  a  nonviral,  receptor-mediated  gene  transfer  technology  is  determined 
by  the  receptor  specificity  of  the  targeting  ligand.  The  highest  levels  of 
gene  expression  are  obtained  after  targeting  the  insulin  receptor,  and  this 
may  derive  from  the  nuclear  targeting  properties  of  this  receptor  system. 
Copyright  ©  2002  John  Wiley  &  Sons,  Ltd. 
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Exogenous  genes  can  be  targeted  to  cells  with  either  viral  or  nonviral  delivery 
systems.  Nonviral  gene  delivery  systems  include  cationic  liposomes  or  com¬ 
plexes  of  receptor  ligands/polycations/plasmid  DNA.  In  vivo  applications  of 
nonviral  gene  delivery  technologies  have  been  limited  owing  to  the  aggre¬ 
gation  in  serum  of  either  cationic  liposomes  or  polycation  complexes  of 
plasmid  DNA  [1,2],  An  alternative  to  nonviral  gene  transfer  technology  is  the 
use  of  an  “artificial  virus”,  wherein  nonviral  plasmid  DNA  is  encapsulated  in 
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the  interior  of  neutral/slightly  anionic  liposomes  [3-5]. 
These  nanocontainers  are  targeted  to  cells  with  receptor- 
specific  ligands  conjugated  to  the  exterior  surface  of 
the  liposome.  Liposomes,  per  se,  are  unstable  in  vivo 
owing  to  coating  of  the  liposome  surface  with  serum 
protein  [6],  which  triggers  rapid  uptake  by  cells  lining 
the  reticulo-endothelial  system  (RES).  RES  uptake  can 
be  inhibited  and  the  blood  circulation  time  can  be 
prolonged  if  the  surface  of  the  liposome  is  conjugated 
with  several  thousand  strands  of  polyethylene  glycol 
(PEG)  [7].  The  tips  of  about  1-2%  of  the  PEG  strands 
are  conjugated  with  a  receptor-specific  targeting  ligand 
or  a  peptidomimetic  monoclonal  antibody  (MAb)  to  form 
a  pegylated  immunoliposome  (PIL)  [8].  The  structure  of 
a  PIL  is  shown  in  Figure  1.  The  super-coiled  plasmid  DNA 
is  encapsulated  in  the  interior  of  an  85-100  nm  liposome 
that  interacts  with  a  targeted  receptor  (R)  through 
receptor-specific  peptidomimetic  MAb  molecules  that  are 
conjugated  to  the  tips  of  PEG  polymers  attached  to  the 
surface  of  the  liposome.  This  construct  has  the  advantages 
of  a  viral  delivery  system  in  that  the  DNA  is  encapsulated 
in  the  interior  of  a  nanocontainer,  which  protects  the  DNA 
from  the  ubiquitous  endonucleases  of  the  body.  As  with  a 
viral  vector,  surface  proteins  on  the  nanocontainer  trigger 
uptake  of  the  complex  by  the  target  cells.  However,  unlike 
a  viral  vector,  the  artificial  virus  is  not  immunogenic, 
since  genetically  engineered  or  “humanized”  Mab’s  may 
be  incorporated  in  the  PIL  for  therapeutic  applications 
in  humans.  The  organ  specificity  of  gene  expression  in 
vivo  is  regulated  through  the  incorporation  of  promoter 
elements  within  the  plasmid,  which  restrict  expression 
of  the  exogenous  gene  to  the  target  organ  [5].  The 
persistence  of  gene  expression  of  the  plasmid  DNA  can 
be  enhanced  by  promoting  episomal  replication  via  the 
incorporation  of  the  Epstein-Barr  nuclear  antigen  (EBNA)- 
1  trans  element  and  the  oriP  cis  element,  which  enables 
one  round  of  replication  of  the  plasmid  with  each  cell 
mitosis  [9]. 

The  extent  to  which  the  exogenous  gene  is  expressed 
in  the  target  cell  is  controlled,  in  part,  by  the  MAb  or 
targeting  ligand  that  is  conjugated  to  the  PIL  (Figure  1). 
Any  receptor  system  that  undergoes  endocytosis  into  the 
cell  is  a  potential  conduit  for  the  cellular  delivery  of  the 
PIL  carrying  the  exogenous  gene.  The  transferrin  receptor 
(TfR)  has  been  targeted  for  gene  transfer  in  vivo  in  rats  and 
mice  [3-5].  For  gene  transfer  to  human  cells,  the  human 
insulin  receptor  (HIR)  has  been  targeted  with  a  MAb  to 
this  receptor,  both  in  vitro  in  cell  culture  [10]  and  in  vivo  in 
intracranial  human  glial  tumors  in  scid  mice  [11].  These 
earlier  studies  showed  that  the  level  of  luciferase  gene 
expression  following  gene  transfer  in  rodents  with  the 
TfRMAb  was  much  lower  than  the  level  of  luciferase  gene 
expression  following  gene  transfer  in  human  cells  with 
the  HIRMAb  [5,10].  It  is  possible  that  certain  receptors 
deliver  the  PIL  complex  into  compartments  of  the  cell  that 
favor  expression  of  the  transgene.  Therefore,  the  purpose 
of  the  present  study  was  to  examine  luciferase  gene 
expression  in  cultured  glioma  cells  following  targeting 
of  the  PIL  to  the  cell  via  different  receptors  that  bind  and 


endocytose  the  target  ligand.  The  PIL  is  targeted  to  the 
cell  with  peptidomimetic  MAb’s  to  the  HIR,  the  human 
epidermal  growth  factor  receptor  (EGFR),  and  the  rat  TfR 
(Figure  1).  The  present  studies  also  compare  the  level  of 
luciferase  gene  expression  in  human  glioma  cells  targeted 
by  the  HIRMAb,  wherein  the  plasmid  DNA  formulation  is 
constructed  with  or  without  the  EBNA-l/oriP  replication 
system.  The  overall  goal  of  these  studies  is  to  optimize 
the  component  parts  of  the  PIL  gene  transfer  system  so  as 
to  enable  maximal  levels  of  exogenous  gene  expression  in 
target  cells. 


Materials  and  methods 

Materials 

U87  human  brain  glioma  cells  (ATCC  HTB  14)  and  the 
528  hybridoma  (ATCC  HB  8509)  were  obtained  from 
the  American  Type  Culture  Collection  (Rockville,  MD, 
USA).  RG2  glioma  cells  were  obtained  from  Dr.  Keith 
L.  Black  (UCLA  Dept,  of  Surgery/Neurosurgery).  Clone 
753  is  a  luciferase  expression  plasmid  derived  from 
pGL2,  and  clone  790  is  a  luciferase  expression  plasmid 
derived  from  pCEP4,  as  described  previously  [12].  The 
luciferase  gene  in  both  plasmids  is  under  the  influence  of 
the  SV40  promoter  (Table  1).  The  SV40  3' -untranslated 
region  (UTR)  of  either  plasmid  contains  a  200  nucleotide 
insert  taken  from  the  3’-UTR  of  the  bovine  Glutl 
glucose  transporter  mRNA  (Table  1),  which  contains  an 
mRNA  cis  element  that  enhances  mRNA  stability,  as 
described  previously  [12],  Clone  790  contains  the  EBNA- 
1/oriP  elements,  whereas  clone  753  lacks  these  elements 


MAb 

Receptor 

83-14 

human  IR 

528 

human  EGFR 

0X26 

rat  TfR 

Figure  1.  Plasmid  DNA  is  encapsulated  in  the  interior  of  a 
pegylated  immunoliposome  (PIL)  which  is  modified  with  a 
targeting  monoclonal  antibody  (MAb).  The  targeting  MAb  binds 
to  a  receptor  (R)  on  the  cell  membrane  that  triggers  endocytosis 
of  the  PIL  into  the  target  cell.  Three  different  MAbs  were  used 
in  these  studies:  the  murine  83-14  MAb  to  the  human  insulin 
receptor  (HIR),  the  murine  528  MAb  to  the  human  epidermal 
growth  factor  (EGFR),  and  the  murine  0X26  MAb  to  the  rat 
transferrin  receptor  (TfR).  PIL  was  also  prepared  with  the  mouse 
IgG2a  isotype  control  antibody 
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Table  1.  Luciferase  expression  plasmids 


Element 

753 

Plasmid 

790 

SV40  promoter 

+ 

+ 

SV40/Glut1  3'-UTR 

+ 

+ 

EBNA-1/oriP 

— 

+ 

Plasmid  origin 

pGL2 

pCEP4 

Size  (kb) 

6.0 

10.6 

From  Ref.  12. 


(Table  1).  The  sources  of  all  other  materials  have  been 
described  previously  [3-5]. 

Plasmid  DNA  preparation  and 
radiolabeling 

Luciferase  expression  plasmid  DNA  was  purified  from 
Escherichia  coli  with  the  Maxiprep  procedure  for  either 
clone  753  or  clone  790  (Qiagen,  Chatsworth,  CA,  USA), 
and  DNA  was  labeled  with  [a— 32P]dCTP  by  the  nick 
translation  system  as  described  previously  [3], 

Pegylated  immunoliposome  synthesis 
and  plasmid  DNA  encapsulation 

Pegylated  liposomes  were  prepared  from  l-palmitoyl-2- 
oleoyl-sn-glycerol-3-phosphocholine,  didodecyldimethy- 
lammonium  bromide,  distearoylphosphatidylethanolam- 
ine  (DSPE)-PEG2000,  and  DSPE-PEG2000-maleimide, 
exactly  as  described  previously  [10],  The  encapsulation 
of  either  clone  753  or  clone  790  plasmid  DNA  within 
the  interior  of  pegylated  liposomes,  and  nuclease  removal 
of  exteriorized  DNA,  were  performed  as  described  previ¬ 
ously  [3-5].  In  a  typical  preparation,  200  pg  of  plasmid 
DNA,  20  pmol  of  lipid,  and  3  mg  of  MAb  were  used  as 
starting  reagents.  The  DNA  encapsulation  in  the  PIL  after 
nuclease  treatment  was  20  ±  1%  (mean  ±  S.E.,  n  =  7 
syntheses).  Following  nuclease  treatment,  there  is  no  exte¬ 
riorized  plasmid  DNA  in  the  liposome  formulation,  and 
the  degraded  DNA  is  removed  by  gel  filtration  of  the  PIL 
prior  to  addition  to  cells,  as  described  previously  [3-5]. 
The  encapsulation  of  the  plasmid  DNA  within  the  inte¬ 
rior  of  the  nuclease-treated  liposome  has  been  verified 
by  agarose  gel  electrophoresis  [3].  The  w/w  ratio  of 
MAb/DNA  in  the  PIL  is  20:1.  In  a  typical  experiment, 
the  medium  concentration  of  the  DNA  encapsulated  in 
the  PIL  is  0.8  pg/ml  and  the  medium  concentration  of  the 
MAb  attached  to  the  PIL  is  16  pg/ml,  or  100  nM. 

The  83-14  murine  MAb  to  the  human  IR,  the  528 
murine  MAb  to  the  human  EGFR,  and  the  0X26  murine 
MAb  to  the  rat  TfR  were  purified  by  protein  G  affinity 
chromatography  from  serum-free  hybridoma-conditioned 
media  as  described  previously  [13] .  Purified  mouse  IgG2a 
(mIgG2a),  the  isotype  control  antibody,  was  obtained 
from  Sigma.  The  antibody  (84-14,  528,  0X26,  or  mIgG2a) 
was  individually  thiolated  with  2-iminothiolane  (Traut’s 


reagent),  and  the  thiolated  antibody  was  conjugated  to 
the  maleimide-grafted  pegylated  liposome  as  described 
previously  [8] .  The  PIL  with  the  encapsulated  DNA  was 
purified  by  Sepharose  CL-4B  column  chromatography 
as  described  previously  [8].  The  average  number  of 
MAb  molecules  conjugated  per  liposome  was  55  ±  6 
(mean±  S.E.,  n  =  7  syntheses).  With  this  approach,  the 
MAb  is  randomly  conjugated  to  the  tip  of  the  PEG  tail  and 
may  be  attached  at  either  the  Fab  or  the  Fc  portion  of 
the  antibody  molecule.  The  attachment  of  the  MAb  to  the 
liposome  has  been  verified  by  electron  microscopy  [11]. 

Liposomes  prepared  with  the  83-14  MAb  were 
designated  HIRMAb-PIL,  liposomes  prepared  with  the 
0X26  MAb  were  designated  TfR  MAb-PIL,  liposomes 
prepared  with  the  528  MAb  were  designated  EGFR 
MAb-PIL,  and  liposomes  prepared  with  the  mIgG2a 
isotype  control  antibody  were  designated  mIgG2a-PIL. 
The  HIRMAb-PIL  encapsulated  with  either  clone  790  or 
clone  753  plasmid  DNA  is  designated  HIRMAb-PIL/790  or 
HIRMAb-PIL/753,  respectively.  The  targeting  MAb’s  are 
species-specific.  Therefore,  gene  delivery  to  rat  RG-2  cells 
is  mediated  by  the  murine  0X26  MAb  to  the  rat  TfR,  and 
gene  delivery  to  human  U87  cells  is  mediated  by  either 
the  murine  83-14  MAb  to  the  HIR  or  the  murine  528  MAb 
to  the  human  EGFR  (Figure  1). 

Luciferase  gene  expression  in  vitro 

Prior  to  addition  to  tissue  culture  medium,  the  PIL  was 
sterilized  with  a  0.22-pm  Millex  GV  filter  (Millipore  Co., 
Bedford,  MA,  USA)  as  described  previously  [10].  U87  or 
RG2  cells  were  grown  on  35-mm  collagen-treated  dishes. 
When  the  cells  reached  50-60%  confluence,  the  medium 
was  removed  by  aspiration,  and  2.5  ml  of  fresh  MEM  or 
DMEM  medium  containing  10%  fetal  bovine  serum  (FBS) 
were  added  to  the  U87  or  RG2  cells,  respectively.  Sterile 
aliquots  of  HIR-PIL,  TfR-PIL,  EGFR-PIL,  or  mIgG2a-PIL 
containing  2  pg  of  either  clone  790  or  clone  753  plasmid 
DNA  were  added  to  the  U87  or  RG2  cells  plated  in  35- 
mm  Petri  dishes,  and  the  cells  were  incubated  up  to 
21  days  in  2.5  ml/dish  of  medium  with  10%  FBS  at  37  °C 
without  subsequent  addition  of  PIL/DNA  after  day  0.  For 
U87  cells  treated  with  HIR-PIL/790,  the  medium  was 
changed  at  3,  6,  8,  11,  14,  16,  and  18  days  and  the 
cells  were  trypsinized  and  sub-cultured  at  3,  8,  14  and 
18  days.  For  RG2  cells  treated  with  TfR  MAb-PIL/790  and 
U87  cells  treated  with  either  HIRMAb-PIL/753  or  EGFR 
MAb-PIL/790,  the  medium  was  changed  at  3,  5,  and 
7  days  and  the  cells  were  trypsinized  and  sub-cultured 
at  5  days.  In  some  experiments,  the  medium  added  at 
day  0  containing  clone  753  encapsulated  in  the  HIRMAb- 
PIL  was  supplemented  with  100  pg/mL  of  unconjugated 
HIRMAb,  which  was  present  in  a  6-fold  molar  excess  over 
the  HIRMAb  conjugated  to  the  PIL.  At  the  end  of  each 
incubation,  cell  extracts  were  prepared  and  luciferase 
activity  was  measured  as  described  previously  [10],  and 
data  reported  as  pg  luciferase  activity  per  mg  cell  protein. 
Based  on  the  standard  curve,  1  pg  of  luciferase  was 
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equivalent  to  14312  ±2679  relative  light  units  (RLU), 
which  is  the  mean  ±  S.E.  of  five  assays. 


Results 

The  level  of  luciferase  gene  expression  using  the  790 
luciferase  expression  plasmid  (Table  1)  was  measured  in 
either  human  U87  glioma  cells  targeted  with  the  HIR 
MAb-PIL,  or  rat  RG2  glioma  cells  targeted  with  the  TfR 
MAb-PIL  (Figure  2).  The  maximum  level  of  luciferase  gene 
expression  is  419  ±  31  pg/mg  protein  in  the  human  U87 
cells  at  7  days  after  a  single  application  of  the  HIRMAb- 
PIL/790  formulation  at  day  0  (Figure  2A).  The  peak 
luciferase  gene  expression  in  these  cells  was  observed 
at  7  days,  even  though  the  U87  cells  were  typsinized 
and  sub-cultured  at  3  days  of  incubation  (Figure  2A).  In 
contrast,  the  peak  level  of  luciferase  gene  expression  in 
the  rat  RG2  cells,  4.1  ±  0.5  pg/mg  protein,  was  100-fold 
less  following  targeting  of  the  clone  790  plasmid  to  these 
cells  with  the  TfR  MAb-PIL  (Figure  2B).  Luciferase  gene 
expression  in  the  human  cells  targeted  with  clone  790 
DNA  encapsulated  in  the  HIRMAb-PIL  was  measureable 
for  up  to  21  days  of  incubation,  while  luciferase  gene 
expression  in  the  rat  cells  targeted  with  clone  790  DNA 
encapsulated  in  the  TfR  MAb-PIL  was  minimal  by  10  days 
(Figure  2). 

The  high  level  of  luciferase  gene  expression  in  the 
human  cells  targeted  with  the  HIRMAb-PIL  could  be  a  dual 
function  of  (a)  targeting  the  insulin  receptor  as  opposed 
to  the  transferrin  receptor  and  (b)  the  selective  activation 
of  the  EBNA-l/oriP  system  in  human  cells  relative  to 
rodent  cells.  Therefore,  luciferase  gene  expression  was 
measured  in  the  human  U87  glioma  cells  targeted  with 
the  HIRMAb-PIL  carrying  the  clone  753  plasmid  DNA 
(Figure  3A).  Clone  753  is  similar  to  clone  790  except  the 
EBNA-l/oriP  system  is  absent  in  clone  753  (Table  1). 
The  maximum  level  of  luciferase  gene  expression  in 
the  U87  cells  targeted  with  the  HIRMAb-PIL/753  is 
36  ±1  pg/mg  protein  (Figure  3 A),  which  is  >  10-fold 
lower  than  the  peak  gene  expression  achieved  with  the 
HIRMAb-PIL/790  formulation  in  these  cells  (Figure  2A). 
These  results  suggest  that  the  very  high  level  of  luciferase 
gene  expression  shown  in  Figure  2A  is  a  combined  effect 
of  targeting  via  the  insulin  receptor  and  the  use  of  the 
EBNA-l/oriP  system.  To  further  examine  the  role  of 
the  targeted  receptor,  the  clone  790  plasmid  DNA  was 
encapsulated  within  the  EGFR  MAb-PIL,  and  applied  to 
the  human  U87  cells  (Figure  3B).  With  the  EGFR  MAb- 
PIL/790  formulation,  the  luciferase  gene  expression  was 
the  lowest,  and  peaked  at  1.8  ±0.1  pg/mg  protein  at 
3  days  of  incubation  (Figure  3B). 

The  expression  of  the  luciferase  gene  encapsulated 
within  the  PIL  was  strictly  a  function  of  the  targeting 
specificity  of  the  MAb,  as  there  was  no  measurable  gene 
expression  with  clone  753  plasmid  DNA  encapsulated 
in  mIgG2a-PIL,  which  targets  no  specific  cell  membrane 
receptor  (Table  2).  If  100  fig/ml  unconjugated  HIRMAb 
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Figure  2.  Luciferase  gene  expression  in  either  human  U87 
glioma  cells  targeted  with  the  HIR  MAb-PIL  (A)  or  rat  RG2 
glioma  cells  targeted  with  the  TfR  MAb-PIL  gene  delivery  system 
is  shown  relative  to  the  incubation  time  following  a  single 
addition  of  the  PIL  to  the  medium  at  day  0.  The  83-14  MAb 
was  used  in  the  studies  shown  in  (A)  and  the  0X26  MAb  was 
used  in  the  studies  reported  in  (B).  Clone  790  plasmid  DNA 
(Table  1)  was  used  in  both  studies.  The  culture  medium  was 
replaced  at  days  denoted  by  the  closed  arrows,  and  the  cells 
were  trypsinized  and  sub-cultured  on  days  denoted  by  the  open 
arrows.  Data  are  mean  ±  S.D.  (n  =  3  dishes/time  point) 

were  added  to  the  medium  in  parallel  with  the  HIRMAb- 
PIL,  the  peak  level  of  luciferase  gene  expression  was 
reduced  by  33%  (Table  2). 

Discussion 

The  results  of  these  studies  are  consistent  with  the 
following  conclusions.  First,  targeting  the  human  insulin 


Table  2.  Luciferase  gene  expression  in  human  U87  glioma  cells 


Luciferase  Activity  (pg/mgp) 

PIL 

Competing  MAb 

1  day 

3  days 

5  days 

mlgG2a-PIL 

HIRMAb-PIL 

HIRMAb-PIL 

HIRMAb  (100  pg/mL) 

<0.1 

7.0  ±0.9 
6.2  ±0.3 

<0.1 

36.2  ±  1.6 

24.3  ±4.2 

<0.1 

2.1  ±0.2 

1 .2  ±  0.1 

Mean  ±  S.E.  (n  =  3  dishes/time  point).  Clone  753  (Table  1)  used  for  all 
studies.  There  was  no  detectable  luciferase  activity  in  the  cells  incubated 
with  the  clone  753  plasmid  DNA  encapsulated  in  the  mlgG2a-PIL.  The 
PIL  was  added  at  day  0,  and  the  medium  was  changed  to  fresh  medium 
(containing  no  DNA  or  PIL)  at  3  days  of  incubation. 
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Figure  3.  Luciferase  gene  expression  in  human  U87  glioma  cells 
targeted  either  with  the  HIR  MAb-PIL  carrying  the  clone  753 
plasmid  (A)  or  the  EGFR  MAb-PIL  carrying  the  clone  790  plasmid 
(B).  The  PIL  carrying  the  luciferase  gene  was  applied  only  at  time 
0  and  the  culture  medium  was  replaced  at  days  denoted  by  the 
closed  arrows.  The  cells  were  trypsinized  and  sub-cultured  at  day 
5  (open  arrows).  Data  are  mean  ±  S.D.  (n  =  3  dishes/time  point) 

receptor  results  in  a  >  100-fold  increase  in  luciferase  gene 
expression  relative  to  targeting  via  the  rat  TfR  or  the 
human  EGFR  (Figures  2  and  3).  Second,  the  use  of  the 
EBNA-l/oriP  replication  system  allows  for  an  increased 
persistence  of  gene  expression  in  human  cells,  providing 
the  plasmid  is  adequately  delivered  to  the  target  cells 
(Figure  2A).  Third,  the  targeting  specificity  of  the  PIL 
gene  delivery  system  is  determined  solely  by  the  targeting 
MAb,  as  there  is  no  gene  expression  in  cells  exposed  to 
the  mIgG2a-PIL  (Table  2). 

The  extent  to  which  an  exogenous  gene  is  expressed 
in  a  target  cell  is  a  function  of  the  delivery  of  the 
target  gene  across  both  the  plasma  membrane  barrier 
and  the  nuclear  membrane  barrier.  An  exogenous  gene 
will  not  be  expressed  if  the  initial  plasma  membrane 
barrier  is  not  circumvented.  However,  once  inside  the 
cell,  a  critical  step  in  limiting  gene  expression  is 
transfer  across  the  nuclear  membrane  [14,15].  Although 
there  is  no  evidence  that  either  the  TfR  or  the  EGFR 
delivers  ligand  to  the  nuclear  compartment,  there  is 
evidence  that  the  insulin  receptor  delivers  ligand  to 
the  nuclear  compartment.  Both  gold/silver  enhancement 
electron  microscopy  [16]  and  autoradiographic  electron 
microscopy  [17]  have  demonstrated  delivery  of  insulin 
to  the  nuclear  compartment  via  the  insulin  receptor. 
Similarly,  the  HIRMAb  also  rapidly  enters  the  nuclear 
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compartment  of  human  U87  cells,  as  demonstrated 
by  confocal  microscopy  of  these  cells  exposed  to 
fluoresceinated  HIRMAb  [10].  Moreover,  if  plasmid  DNA 
is  fluoresceinated  and  then  encapsulated  in  the  interior 
of  the  HIR  MAb-PIL,  the  plasmid  DNA  is  localized 
within  intranuclear  vesicles  at  3  h  of  incubation  of 
U87  cells  [10].  By  24  h  of  incubation,  the  majority  of 
the  fluoresceinated  DNA  within  the  cell  is  localized  to 
the  nuclear  compartment  of  U87  cells  targeted  with 
the  HIRMAb-PIL  delivery  system  [10].  These  combined 
studies  suggest  that  targeting  the  insulin  receptor  system 
provides  the  highest  level  of  expression  of  an  exogenous 
gene  in  the  cell  because  this  receptor  system  targets 
ligands  not  only  across  the  plasma  membrane  barrier,  but 
also  across  the  nuclear  membrane  barrier.  Other  receptor 
systems  such  as  the  basic  fibroblast  growth  factor  (bFGF) 
receptor  system  may  also  selectively  target  ligand  across 
both  the  plasma  membrane  and  the  nuclear  membrane 
barriers  [18]. 

The  present  studies,  in  conjunction  with  previously 
reported  confocal  microscopy  [10],  show  that  the  extent 
to  which  a  given  receptor-specific  MAb  undergoes 
endocytosis  into  the  cell  determines  the  final  level  of 
expression  of  the  endogenous  gene.  If  the  targeting  MAb, 
such  as  the  mIgG2a  isotype  control,  does  not  enter  the 
cell,  then  there  is  no  expression  of  the  gene  packaged 
in  the  PIL  (Table  2).  The  receptor-mediated  uptake  of 
the  MAb  by  the  cell  is  initiated  by  ligand  binding  to 
the  exofacial  receptor  binding  site,  and  this  binding  is 
saturable  by  low-nM  concentrations  of  ligand  [19-21]. 
Receptor  binding  is  followed  by  endocytosis,  and  receptor- 
mediated  endocytosis  of  either  the  endogenous  ligand 
or  a  peptidomimetic  MAb,  such  as  the  HIRMAb,  is 
non-saturable  [19-21],  When  the  cells  are  exposed  to 
the  HIRMAb-PIL,  the  medium  concentration  of  PIL- 
conjugated  HIRMAb  is  16  pg/ml  or  100  nM  (Methods), 
which  is  about  100-fold  higher  than  the  binding  Kd  of 
the  HIR  for  either  insulin  or  the  HIRMAb  [19-21].  The 
addition  of  600  nM  unconjugated  HIRMAb  exerts  only  a 
modest  inhibitory  effect  on  luciferase  gene  expression 
mediated  by  the  HIRMAb-PIL  (Table  2),  because  the 
medium  concentration  of  the  HIRMAb  in  the  form  of 
the  PIL  is  100  nM  (Methods),  which  is  also  in  the 
high-nM  range.  The  relative  insensitivity  of  the  receptor- 
mediated  gene  delivery  system  to  high-nM  concentrations 
of  competing  ligand  in  the  medium  arises  from  the 
non-saturability  of  the  insulin  receptor  endocytosis 
pathway  [19-21]. 

The  EBNA-l/oriP  system  plays  a  prominent  role  in 
controlling  the  level  of  gene  expression  in  the  target 
cells,  providing  the  plasmid  DNA  is  adequately  delivered 
to  the  nuclear  compartment.  Both  the  753  plasmid 
and  the  790  plasmid  were  targeted  to  human  U87 
cells  with  the  HIRMAb-PIL  gene  delivery  system.  These 
plasmids  are  similar  with  the  exception  that  the  clone 
790  contains  the  EBNA-l/oriP  system  whereas  clone 
753  lacks  these  elements  (Table  1).  The  EBNA-1  trans 
element  produces  a  homodimeric  protein  that  binds  the 
oriP  cis  element  and  allows  for  one  round  of  replication 
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for  each  mitotic  division  [9].  The  EBNA-l/oriP  system 
is  selectively  active  in  humans  and  primates  and  is 
less  active  in  rodents  [22],  and  this  species  specificity 
is  corroborated  by  findings  of  the  present  study.  The 
level  of  luciferase  gene  expression  is  low  and  peaks  at 
4.1±0.5pg/mg  protein  in  the  rat  RG2  cells  that  are 
targeted  with  clone  790  using  the  TfR  MAb-PIL  gene 
delivery  system  (Figure  2B).  This  level  of  luciferase  gene 
expression  is  comparable  to  that  found  in  vivo  in  the 
mouse  following  the  intravenous  administration  of  the 
TfR  MAb-PIL  formulation  [5].  Conversely,  when  the  clone 
790  plasmid  is  delivered  to  U87  cells  via  the  HIRMAb- 
PIL,  there  is  a  >  100-fold  increase  in  luciferase  gene 
expression,  and  gene  expression  continues  to  increase 
with  time  in  these  cells  despite  trypsinization  and  sub¬ 
culture  of  the  cells  at  3  days  of  incubation  (Figure  2A). 
These  results  indicate  the  plasmid  DNA  replicates  with 
early  cell  division  subsequent  to  delivery  to  the  nuclear 
compartment  by  the  HIRMAb.  In  contrast,  the  level  of 
luciferase  gene  expression  decreases  in  the  U87  cells 
exposed  to  the  HIRMAb-PIL  carrying  the  clone  753 
plasmid  after  sub-culture  of  the  cells  (Figure  3A),  because 
this  plasmid  lacks  the  EBNA-l/oriP  system  (Table  1),  and 
the  capability  of  episomal  replication  [22] . 

The  level  of  luciferase  gene  expression  in  human  U87 
cells  targeted  with  clone  790  and  the  HIRMAb-PIL  system 
peaks  at  419  ±  31  pg/mg  protein  at  7  days  after  a  single 
addition  of  the  formulation  to  the  medium  at  day  0 
(Figure  2A).  In  contrast,  the  level  of  luciferase  gene 
expression  in  liver  or  spleen  of  mice  injected  with  a 
luciferase  gene  incorporated  in  a  lentiviral  gene  delivery 
system  ranges  from  3-11  pg/mg  protein  [23],  assuming 
180  mg  protein/g  tissue.  These  values  of  luciferase  gene 
expression  with  a  lentiviral  vector  in  vivo  are  comparable 
to  the  levels  of  gene  expression  achieved  with  the  nonviral 
PIL  gene  delivery  system  in  mice  in  vivo,  which  target 
either  the  TfR  or  HIR  [5,11]. 

In  summary,  the  present  studies  provide  evidence  that 
the  choice  of  the  targeting  ligand  is  an  important  factor 
in  determining  the  level  of  expression  of  an  exogenous 
gene  that  is  delivered  to  cells  with  an  artificial  virus 
that  accesses  a  receptor-mediated  endocytosis  system 
(Figure  1).  The  insulin  receptor  is  a  preferred  pathway 
for  delivery  of  exogenous  genes  to  cells,  owing  to  the 
nuclear  targeting  characteristics  of  the  insulin  receptor 
system  [10].  In  addition,  the  expression  of  the  exogenous 
gene  in  human  cells  is  augmented  by  the  addition  of  the 
EBNA-l/oriP  cis/trans  elements  that  allow  for  episomal 
replication  of  the  plasmid  DNA.  These  findings  suggest 
that  the  organ  specificity  and  duration  of  trans-gene 
expression  can  be  regulated  by  (a)  the  receptor-specificity 
of  the  targeting  ligand  attached  to  the  PIL  (Figure  1),  and 
(b)  gene  elements  incorporated  within  the  plasmid  that 
enable  episomal  replication  of  the  plasmid  DNA  (Table  1). 
The  tissue  specificity  of  exogenous  gene  expression  in  vivo 
can  be  further  regulated  with  the  use  of  tissue-specific 
gene  promoters  [5].  The  persistence  of  the  expression 
of  the  trans-gene  within  the  target  cell  after  a  single 
administration  is  sufficient  to  achieve  pharmacological 


effects  with  weekly  intravenous  gene  therapy  using  the 
nonviral  PIL  gene  targeting  technology  [11]. 

Acknowledgements 

This  work  was  supported  by  grants  from  the  University  of 
California,  Davis/Medical  Investigation  of  Neurodevelopmental 
Disorders  Institute  Research  Program,  and  the  U.S.  Dept, 
of  Defense. 


References 

1.  Garnett  MC.  Gene-delivery  systems  using  cationic  polymers.  Crit 
Rev  Ther  Drug  Carrier  Systems  1999;  16:  147-207. 

2.  Kwoh  DY,  Coffin  DC,  Lollo  CP,  et  al.  Stabilization  of  poly-L- 
lysine/DNA  polyplexes  for  in  vivo  gene  delivery  to  the  liver. 
Biochim  Biophys  Acta  1999;  1444:  171-190. 

3.  Shi  N,  Pardridge  WM.  Non-invasive  gene  targeting  to  the  brain. 
Proc  Natl  Acad  Sci  US  A  2000;  97:  7567-7572. 

4.  Shi  N,  Boado  RJ,  Pardridge  WM.  Receptor-mediated  gene 
targeting  to  tissues  in  the  rat  in  vivo.  Pharm  Res  2001;  18: 
1091-1095. 

5.  Shi  N,  Zhang  Y,  Boado  RJ,  Zhu  C,  Pardridge  WM.  Brain-specific 
expression  of  an  exogenous  gene  following  intravenous 
administration.  Proc  Natl  Acad  Sci  U  S  A  2001;  98: 
12  754-12  759. 

6.  Chonn  A,  Semple  SC,  Cullis  PR.  Association  of  blood  proteins 
with  large  unilamellar  liposomes  in  vivo.  J  Biol  Chem  1992; 
267:18  759-18  765. 

7.  Papahadjopoulos  D,  Allen  TM,  Gabizon  A,  et  al.  Sterically 
stabilized  liposomes:  improvements  in  pharmacokinetics  and 
antitumor  therapeutic  efficacy.  Proc  Natl  Acad  Sci  USA  1991; 
88:11460-11464. 

8.  Huwyler  J,  Wu  D,  Pardridge  WM.  Brain  drug  delivery  of  small 
molecules  using  immunoliposomes.  Proc  Natl  Acad  Sci  U  S  A 
1996;  93:  14164-14169. 

9.  Haan  KM,  Aiyar  A,  Longnecker  R.  Establishment  of  latent 
Epstein-Barr  virus  infection  and  stable  episomal  maintenance 
in  murine  B-cell  lines.  2001;  J  Virol  75:  3016-3020. 

10.  Zhang  Y,  Lee  HJ,  Boado  RJ,  Pardridge  WM.  Receptor-mediated 
delivery  of  an  antisense  gene  to  human  brain  cancer  cells.  J  Gene 
Med  2002;  4:  183-194. 

11.  Zhang  Y,  Zhu  C,  Pardridge  WM.  Antisense  gene  therapy  of  brain 
cancer  with  an  artificial  virus  gene  delivery  system.  Mol  Ther 
2002;  6:  67-72. 

12.  Boado  RJ,  Pardridge  WM.  Ten  nucleotide  cis  element  in  the  3'- 
untranslated  region  of  the  GLUT1  glucose  transporter  mRNA 
increases  gene  expression  via  mRNA  stabilization.  Mol  Brain  Res 
1998;  59:  109-113. 

13.  KangYS,  Pardridge  WM.  Use  of  neutral-avidin  improves 
pharmacokinetics  and  brain  delivery  of  biotin  bound  to  an 
avidin-monoclonal  antibody  conjugate.  J  Pharmol  Exp  Ther 
1994;  269:  344-350. 

14.  Pollard  H,  Remy  J-S,  Loussouarn  G,  Demolombe  S,  Behr  J-P, 
Escande  D.  Polyethylenimine  but  not  cationic  lipids  promotes 
transgene  delivery  to  the  nucleus  in  mammalian  cells.  J  Biol 
Chem  1998;  273:  7507-7511. 

15.  Tachibana  R,  Harashima  H,  ShinoharaY,  Kiwada  H.  Quantita¬ 
tive  studies  on  the  nuclear  transport  of  plasmid  DNA  and  gene 
expression  employing  nonviral  vectors.  Adv  Drug  Del  Rev  2001; 
52:  219-225. 

16.  Shah  N,  Zhang  S,  Harada  S,  Smith  RM,  Jarett  L.  Electron 
microscopic  visualization  of  insulin  translocation  into  the 
cytoplasm  and  nuclei  of  intact  H35  hepatoma  cells  using 
covalently  linked  nanogold-insulin.  Endocrinology  1995;  136: 
2825-2835. 

17.  Podlecki  DA,  Smith  RM,  Kao  M,  et  al.  Nuclear  translocation  of 
the  insulin  receptor.  A  possible  mediator  of  insulin’s  long  term 
effects.  J  Biol  Chem  1987;  262:  3362-3368. 

18.  He  D,  Casscells  W,  Engler  D.  Nuclear  accumulation  of  exogenous 
DNA  fragments  in  viable  cells  mediated  by  FGF-2  and  DNA 
release  upon  cellular  injury.  Exp  Cell  Res  2001;  265:  31-45. 


Copyright  ©  2002  John  Wiley  &  Sons,  Ltd. 


J  Gene  Med  2003;  5:  157-163. 


Targeted  Gene  Delivery 


163 


19.  Pardridge  WM,  Eisenberg  J,  Yang  J.  Human  blood-brain  barrier 
insulin  receptor.  J Neurochem  1985;  44:  1771-1778. 

20.  Paccaud  J-P,  Siddle  K,  Carpentier  J-L.  Internalization  of  the 
human  insulin  receptor.  J  Biol  Chem  1992;  267:  13101-13106. 

21.  Pardridge  WM,  Kang  Y-S,  BuciakJL,  Yang  J.  Human  insulin 
receptor  monoclonal  antibody  undergoes  high  affinity  binding  to 
human  brain  capillaries  in  vitro  and  rapid  transcytosis  through 
the  blood-brain  barrier  in  vivo  in  the  primate.  Pharm  Res  1995; 
12:  807-815. 


22.  Makrides  S.  Components  of  vectors  for  gene  transfer  and 
expression  in  mammalian  cells.  Protein  Expr  Purif  1999;  17: 
181-202. 

23.  Peng  KW,  Pham  L,  Ye  H,  et  al.  Organ  distribution  of  gene 
expression  after  intravenous  infusion  of  targeted  and  untargeted 
lentiviral  vectors.  Gene  Ther  2001;  8:  1456-1463. 


Copyright  ©  2002  John  Wiley  &  Sons,  Ltd. 


J  Gene  Med  2003;  5:  157-163. 


HUMAN  GENE  THERAPY  14:1-12  (January  1,  2003) 
©  Mary  Ann  Liebert,  Inc. 


Intravenous  Nonviral  Gene  Therapy  Causes  Normalization  of 
Striatal  Tyrosine  Hydroxylase  and  Reversal  of  Motor 
Impairment  in  Experimental  Parkinsonism 
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ABSTRACT 

Brain  gene-targeting  technology  is  used  to  reversibly  normalize  tyrosine  hydroxylase  (TH)  activity  in  the  stria¬ 
tum  of  adult  rats,  using  the  experimental  6-hydroxydopamine  model  of  Parkinson’s  disease.  The  TH  expres¬ 
sion  plasmid  is  encapsulated  inside  an  85-nm  PEGylated  immunoliposome  (PIL)  that  is  targeted  with  either 
the  0X26  murine  monoclonal  antibody  (MAb)  to  the  rat  transferrin  receptor  (TfR)  or  with  the  mouse  IgG2a 
isotype  control  antibody.  TfRMAb-PIL,  or  mIgG2a-PIL,  is  injected  intravenously  at  a  dose  of  10  /x g  of  plas¬ 
mid  DNA  per  rat.  TfRMAb-PIL,  but  not  mIgG2a-PIL,  enters  the  brain  via  the  transvascular  route.  The  tar¬ 
geting  TfRMAb  enables  the  nanocontainer  carrying  the  gene  to  undergo  both  receptor-mediated  transcytosis 
across  the  blood-brain  barrier  (BBB)  and  receptor-mediated  endocytosis  into  neurons  behind  the  BBB  by  ac¬ 
cessing  the  TfR.  With  this  approach,  the  striatal  TH  activity  ipsilateral  to  the  intracerebral  injection  of  the 
neurotoxin  was  normalized  and  increased  from  738  ±  179  to  5486  ±  899  pmol/hr  per  milligram  of  protein.  The 
TH  enzyme  activity  measurements  were  corroborated  by  TH  immunocytochemistry,  which  showed  that  the 
entire  striatum  was  immunoreactive  for  TH  after  intravenous  gene  therapy.  The  normalization  of  striatal  bio¬ 
chemistry  was  associated  with  a  reversal  of  apomorphine-induced  rotation  behavior.  Lesioned  animals  treated 
with  the  apomorphine  exhibited  20  ±  5  and  6  ±  2  rotations/min,  respectively,  after  intravenous  administration 
of  the  TH  plasmid  encapsulated  in  mIgG2a-PIL  and  TfRMAb-PIL.  These  studies  demonstrate  that  it  is  pos¬ 
sible  to  normalize  brain  enzyme  activity  by  intravenous  administration  and  nonviral  gene  transfer. 


OVERVIEW  SUMMARY 

Parkinson’s  disease  (PD)  results  from  neurodegeneration  in 
the  nigral-striatal  pathway  of  the  brain,  leading  to  a  defi¬ 
ciency  in  the  striatum  of  tyrosine  hydroxylase  (TH),  the 
rate-limiting  enzyme  in  dopamine  synthesis.  One  strategy 
for  gene  therapy  of  PD  is  the  restoration  of  striatal  TH  ac¬ 
tivity.  The  present  work  uses  the  experimental  6-hydroxy- 
dopamine  model  of  PD,  which  causes  a  90%  reduction  in 
striatal  TH  enzyme  activity  ipsilateral  to  the  intracerebral 
toxin  injection.  Lesioned  rats  are  treated  with  a  nonviral 
TH  expression  plasmid  administered  intravenously.  The  TH 
gene  is  encapsulated  in  an  “artificial  virus”  composed  of  85- 
nm  PEGylated  immunoliposomes  targeted  to  the  brain  with 
a  monoclonal  antibody  to  the  rat  transferrin  receptor.  The 
targeted  nonviral  gene  transfer  enables  delivery  of  the  ther¬ 
apeutic  gene  across  the  blood-brain  barrier  and  across  the 


neuronal  plasma  membrane.  Three  days  after  a  single  in¬ 
travenous  administration  of  the  TH  gene,  the  striatal  TH 
activity  is  normalized  in  association  with  a  70%  reduction 
in  apomorphine-induced  rotation  behavior. 


INTRODUCTION 

Gene  therapy  of  Parkinson’s  disease  (PD)  aims  to  prevent 
striatal  neurodegeneration  and  restore  striatal  tyrosine  hy¬ 
droxylase  (TH)  enzyme  activity  (Mouradian  and  Chase,  1997; 
Mandel  et  al.,  1999).  Striatal  TH  enzyme  activity  is  partially 
restored  in  experimental  models  of  PD  by  intracerebral  injec¬ 
tion  of  viral  vectors  encoding  the  TH  gene  (During  et  al.,  1994; 
Kaplitt  et  al.,  1994;  Mandel  et  al.,  1998).  However,  viral  vec¬ 
tors  must  be  administered  intracerebrally  via  penetration  of  the 
skull  bone.  The  viruses  cannot  be  administered  intravenously 
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because  the  viruses  do  not  cross  the  brain  capillary  endothelial 
wall,  which  forms  the  blood-brain  barrier  (BBB)  in  vivo.  The 
intracerebral  injection  of  the  viral  vector  causes  transduction  of 
a  small  part  of  the  striatum  at  the  tip  of  the  injection  needle. 
Higher  fractions  of  the  striatum  may  be  transduced  by  multiple 
injections  of  high  viral  titers  in  either  rat  brain  (Leone  et  al., 
2000;  Kirik  et  al.,  2002)  or  primate  brain  (Bankiewicz  et  al., 
2000;  Kordower  et  al.,  2000). 

The  entire  volume  of  the  striatum  may  be  transduced  after 
trans  vascular  delivery  of  the  therapeutic  gene  subsequent  to  in¬ 
travenous  administration  of  the  gene.  The  transvascular  route 
to  the  striatum  would  be  possible  with  the  development  of  a 
gene-targeting  system  that  is  capable  of  transport  across  the 
BBB.  Gene-targeting  technology  has  been  developed  that  en¬ 
ables  widespread  expression  within  the  brain  of  nonviral  plas¬ 
mid  DNA  after  intravenous  administration  (Shi  et  al.,  2000, 
200 1  a, b).  Plasmid  DNA  encoding  the  therapeutic  gene  is  en¬ 
capsulated  inside  a  nanocontainer  composed  of  a  PEGylated 
immunoliposome  (PIL),  which  is  targeted  across  both  the  BBB 
and  the  neuronal  cell  membrane  by  receptor-specific  monoclo¬ 
nal  antibodies  (MAbs).  Delivery  of  the  therapeutic  gene  across 
the  BBB  has  the  potential  to  transduce  virtually  every  cell  of 
the  striatum,  because  every  neuron  in  the  brain  is  perfused  by 
its  own  blood  vessel.  With  the  PIL  gene-targeting  system,  it  is 
possible  to  deliver  an  exogenous  gene  throughout  the  entire 
CNS  after  intravenous  administration.  Gene  expression  can  be 
restricted  to  the  brain  by  the  use  of  brain-specific  promoters 
(Shi  et  al.,  2001a).  Prior  work  with  this  gene-targeting  tech¬ 
nology  yielded  a  therapeutic  result  in  an  experimental  brain  can¬ 
cer  model,  with  a  100%  increase  in  survival  time  for  the  ani¬ 
mals  treated  by  intravenous  antisense  gene  therapy  (Zhang  et 
al.,  2002a).  The  present  studies  attempt  to  normalize  the  stri¬ 
atal  TH  activity  and  motor  impairment  in  the  experimental  6- 
hydroxydopamine  model  of  PD  in  the  rat.  The  full-length  rat 
TH  cDNA  is  incorporated  in  a  pGL2 -derived  expression  plas¬ 
mid  that  is  driven  by  the  simian  virus  40  (SV40)  promoter  and 
contains  a  cis  stabilizing  element  in  the  3 '-untranslated region 
(UTR)  of  the  mRNA.  The  plasmid  DNA  is  encapsulated  in  the 
interior  of  the  PIL,  which  is  targeted  to  brain  with  the  murine 
0X26  MAb  to  the  rat  transferrin  receptor  (TfR).  Owing  to  the 
expression  of  the  TfR  at  both  the  rodent  and  human  BBB  (Jef¬ 
feries  et  al.,  1984;  Pardridge  et  al.,  1987)  and  the  neuronal 
plasma  membrane  (Mash  et  al.,  1991),  TfRMAb-targeted  PIL 
undergoes  receptor-mediated  transcytosis  across  the  BBB  fol¬ 
lowed  by  receptor-mediated  endocytosis  into  neurons  behind 
the  BBB. 


MATERIALS  AND  METHODS 

Materials 

l-Palmitoyl-2-oleoyl-OT-glycerol-3-phosfhocholine(  POPC) 
and  didodecyldimethylammonium  bromide  (DDAB)  were 
purchased  from  Avanti-Polar  Lipids  (Alabaster,  AL).  Dis- 
tearoylphosphatictylethanolamine  (DSPE)-PEG  2000  was  ob¬ 
tained  from  Shearwater  Polymers  (Huntsville,  AL),  where 
PEG  2000  is  2000-Da  polyethylene  glycol.  DSPE-PEG 
2000-maleimide  (MAL)  was  custom  synthesized  by  Shearwa¬ 
ter  Polymers.  [o;-32PJdCTP  (3000  Ci/mmol)  and  L-[3,5-3H]ty¬ 


rosine  (51.5  Ci/mmol)  were  from  NEN  Life  Science  Products 
(Boston.  MA).  /V-Succinimidyl[2,3-3H]propionate  ([3HJNSP, 
101  Ci/mmol)  and  protein  G-Sepharose  CL-4B  were  purchased 
from  Amersham  Pharmacia  Biotech  (Arlington  Heights,  IL). 
The  nick  translation  system  was  from  Life  Technologies 
(Rockville,  MA).  6-Hydroxydopomine  (6-OHDA),  apomor- 
phine,  pargyline,  catalase,  (6R)-5,6,7,8-tetrahydiobiopterin 
(BH4),  /3-NADPH,  L-tyrosine,  charcoal,  the  mouse  MAb  against 
rat  tyrosine  hydroxylase, horse  serum,  mouse  IgGl  isotype  con¬ 
trol,  and  glycerol-gelatin  were  purchased  from  Sigma  (St. 
Louis,  MO);  2-iminothiolane  (Traut’s  reagent)  and  bicin- 
choninic  acid  (BCA)  protein  assay  reagents  were  obtained  from 
Pierce  (Rockford,  IL).  Mouse  myeloma  ascites  containing 
mouse  IgG2a  (mIgG2a)  isotype  control  was  from  the  Cappel 
Division  of  ICN  Pharmaceuticals  (Aurora,  OH).  The  anti-trans- 
ferrin  receptor  monoclonal  antibody  (TfRMAb)  used  in  these 
studies  is  the  murine  0X26  MAb  to  the  rat  TfR,  which  is  a 
mouse  IgG2a.  The  0X26  MAb  is  specific  for  the  rat  TfR,  and 
is  not  active  in  human  cells.  The  anti-insulinreceptorMAb  used 
for  gene  targeting  to  human  cells  is  the  murine  83-14  MAb  to 
the  human  insulin  receptor  (HIR).  TfRMAb,  HIRMAb,  and 
mIgG2a  were  individually  purified  by  protein  G  affinity  chro¬ 
matography  from  hybridoma-generatad  ascites.  COS-1  cells 
were  obtained  from  the  American  Type  Culture  Collection 
(Manassas,  VA).  The  biotinylated  horse  anti-mouse  IgG,  Vec- 
tastain  ABC  kit,  3-amino-9-ethylcaibazole  (AEC)  substrate  kit. 
peroxidase  kit,  and  hematoxylin  QS  counterstain  were  pur¬ 
chased  from  Vector  Laboratories  (Burlingame,  CA).  Optimal 
cutting  temperature  (O.C.T.)  compound  (Tissue-Tek)  was  pur¬ 
chased  from  Sakura  FineTek  (Torrance,  CA).  LipofectAMINE 
was  obtained  from  Invitrogen  (San  Diego,  CA). 

Construction  of  tyrosine  hydroxylase 
expression  plasmids 

The  complete  open  reading  frame  (ORF)  of  rat  (r)  TH  in  the 
pBabe  plasmid  was  obtained  from  D.  Bredesen  (Buck  Center, 
Novato,  CA)  (Anton  et  al.,  1994).  The  rat  TH  ORF  was  iso¬ 
lated  by  double  digestion  with  Dral  and  Acc65I,  which  cleaved 
at  sites  located  26  nucleotides  upstream  and  13  nucleotides 
downstream  of  the  rat  TH  ORF,  respectively.  The  ~  1 .5-kb  rTH 
fragment  was  purified  by  gel  electrophoresis  followed  by  cen¬ 
trifugation  with  a  Spin-X  filter  unit  (Costar;  Corning,  Acton, 
MA).  The  DNA  was  blunt  ended  with  Klenow  DNA  poly¬ 
merase,  and  subcloned  in  Bluescript  (pBS;  Stratagene,  San 
Diego,  CA)  at  the  EcoRV  site  to  form  a  plasmid  named  pBS- 
rTH.  The  identity  of  rat  TH  and  its  orientation  in  pBS-rTH  were 
determined  by  DNA  sequencing,  using  M13  forward  and  re¬ 
verse  primers.  The  rat  TH  cDNA  was  subcloned  in  pGL2  pro¬ 
moter-derived  mammalian  expression  vectors  described  previ¬ 
ously  and  designated  clones  734  and  753  (Dwyer  et  al.,  1996). 
The  pGL2  promoter  plasmid  was  obtained  from  Promega 
(Madison,  WI),  and  the  pGL2-derived  clones  are  driven  by  the 
SV40  promoter;  clone  753  contains  a  200-nucleotide  cis  ele¬ 
ment  taken  from  nucleotides  2100-2300  of  the  bovine  GLUT1 
mRNA  3 '-untranslated  region  (UTR),  which  causes  stabiliza¬ 
tion  of  the  mRNA  (Boado  and  Pardridge,  1998).  pBS-TH  was 
linearized  with  Notl  and  blunt  ended  with  Klenow  DNA  poly¬ 
merase.  The  1.5-kb  rat  TH  was  released  with  Hindlll  and  pu¬ 
rified  by  gel  electrophoresis  and  Spin-X  centrifugation.  In  par- 
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allel,  the  luciferase  reporter  gene  in  clones  734  and  753  was 
deleted  with  Hindlll  and  EcoNl  (blunt)  and  purified.  The  rat 
TH  DNA  fragment  was  ligated  into  clones  734  and  753  with 
T4  DNA  ligase  and  Escherichia  coli  DHSa  was  transformed. 
Positive  clones  were  investigated  by  restriction  endonuclease 
mapping  using  Pstl,  which  releases  the  TH  insert,  and  DNA  se¬ 
quencing,  using  the  pGL2-l  sequencing  primer  (Promega).  The 
pGL2-rTH  expression  vector  derived  from  clone  734  was  des¬ 
ignated  clone  878,  and  the  pGL2-rTH  expression  vector  con¬ 
taining  the  GLUT1  cis-stabilizing  sequence,  and  derived  from 
clone  753,  was  designated  clone  877.  The  SV40-rTH  expres¬ 
sion  cassettes  were  released  from  clones  877  and  878  and  fur¬ 
ther  subcloned  in  the  pCEP4  expression  vector  to  form  clones 
908  and  883,  respectively.  The  pCEP4  vectors  contain  the  Ep- 
stein-Barr  virus  replication  origin  (oriP)  and  nuclear  antigen 
(EBNA-1),  which  enable  extrachromosomal  replication  in  hu¬ 
man  cells.  Clones  877  and  878  were  digested  with  Xhol,  Sail , 
and  Seal  to  release  the  ~2.9-kb  SV40-rTH  fragments.  In  par¬ 
allel,  the  pCEP4  vector  was  digested  with  Sail  and  Xhol  to  re¬ 
lease  the  CMV-cassette  and  purified  as  previously  described 
(Boado  and  Pardridge,  1998).  The  SV40-rTH  expression  cas¬ 
settes  were  ligated  into  pCEP4.  Positive  clones  were  identified 
by  restrictionendonucleasemapping  with  Nrul  and  Hindlll,  and 
confirmed  by  DNA  sequencing  as  previously  described  for 
GLUT1  reporter  genes  (Boado  and  Pardridge,  1998).  All  four 
TH  expression  plasmids  (877,  878,  883,  and  908)  are  driven  by 
the  SV40  promoter.  Clones  877  and  908  contain  the  GLUT1 
3'-UTR  cis  stabilizing  element,  and  clones  883  and  908  con¬ 
tain  the  EBNA-l/oriP  cis/trans  elements  for  extrachromosomal 
replication  in  human  cells.  The  pGL2 -derived  TH  clones,  877 
and  878,  are  approximately  6.0  kb  in  size,  and  the  pCEP4-de- 
rived  TH  clones,  883  and  908,  are  approximately  11.0  kb  in 
size  (Boado  and  Pardridge,  1998).  Maxiprep  DNA  was  purified 
and  plasmid  DNA  was  32P  labeled  as  described  previously 
(Zhang  et  al.,  2002b). 

Expression  of  the  TH  gene  in  cell  culture  was  first  evaluated 
by  LipofectAMlNE  transfection  of  either  C6  rat  glial  cells  or 
COS-1  cells,  which  were  cultivated  in  Dulbecco’s  modified  Ea¬ 
gle’s  medium  (DMEM)  with  10%  calf  serum  or  in  DMEM  with 
high  glucose  (4.5  g/liter)  and  10%  fetal  bovine  serum  (FBS), 
respectively.  Plasmid  DNA  was  amplified  with  a  QIAfilter  plas¬ 
mid  Maxiprep  kit  (Qiagen,  Chatsworth,  CA)  and  COS- 1  or  C6 
glial  cells  were  transfected  with  LipofectAMlNE  as  described 
previously  (Shusta  et  ah,  2002).  Cells  were  seeded  on  60-  or 
100-mm  dishes  at  a  density  of  80,000  cells/cm2  and  the  Lipo- 
fectAMINE-plasmid  DNA  (10:1,  w/w)  was  added  in  medium 
without  serum  for  4  hr.  The  complex  was  then  removed,  and 
fresh  medium  with  serum  was  added  and  the  cells  were  incu¬ 
bated  for  48  hr  before  extraction  and  measurement  of  TH  en¬ 
zyme  activity  as  described  below. 

PEGylated  liposome  synthesis  and 
plasmid  DNA  encapsulation 

POPC  (18.8  /rmol),  DDAB  (0.4  /rmol),  DSPE-PEG  2000 
(0.6  /rmol),  and  DSPE-PEG  2000-maleimide  (0.2  /rmol)  were 
dissolved  in  chloroform  followed  by  evaporation,  as  described 
previously  (Zhang  et  al.,  2002b).  The  lipids  were  dispersed  in 
0.2  ml  of  0.05  M  Tris-HCl  buffer  (pH  7.0)  and  vortexed  for  1 
min  followed  by  2  min  of  bath  sonication.  Supercoiled  DNA 


was  32P  labeled  with  [a-32P]dCTP  by  nick  translation  as  de¬ 
scribed  previously  (Shi  et  al.,  2000).  Unlabeled  plasmid  DNA 
(250  p,g)  and  1  /rCi  of  32P-labeled  plasmid  DNA  were  added 
to  the  lipids.  The  dispersion  was  frozen  in  ethanol-dry  ice  for 
5  min  and  thawed  at  room  temperature  for  25  min,  and  this 
freeze-thaw  cycle  was  repeated  five  times  to  produce  large  vesi¬ 
cles  with  the  DNA  loosely  entrapped  inside.  The  large  vesicles 
were  converted  into  small  (85-nm-diameter)  liposomes  by  ex¬ 
trusion.  The  liposome  dispersion  was  diluted  to  a  lipid  con¬ 
centration  of  40  m M,  followed  by  extrusion  five  times  each 
through  two  stacks  each  of  200-  and  100-nrn  pore  size  poly¬ 
carbonate  membranes,  by  using  a  hand-held  LipoFast-Basic  ex¬ 
truder  (Avestin,  Ottawa,  Canada),  as  described  previously  (Shi 
et  al.,  2001a).  The  mean  vesicle  diameters  were  determined  by 
quasielastic  light  scattering  by  using  a  Microtrac  ultrafine  par¬ 
ticle  analyzer  (Leeds-Northrup,  St.  Petersburg,  FL),  as  de¬ 
scribed  previously  (Huwyler  et  al.,  1996). 

Approximately  half  of  the  DNA  is  interiorized  in  the  small 
liposomes  and  about  half  is  exteriorized.  The  plasmid  DNA  ab¬ 
sorbed  to  the  exterior  of  the  liposomes  was  quantitatively  re¬ 
moved  by  nuclease  digestion  (Shi  et  al.,  2000).  For  digestion 
of  the  unencapsulated  DNA,  5  units  of  pancreatic  endonucle¬ 
ase  1  and  5  units  of  exonuclease  III  were  added  in  5  m M  MgCL 
to  the  liposome-DNA  mixture  after  extrusion  (Monnard  et  ah, 
1997).  After  incubation  at  37°C  for  1  hr,  the  reaction  was 
stopped  by  adding  20  m M  EDTA.  The  extent  to  which  the  nu¬ 
clease  digestion  removed  the  exteriorized  plasmid  DNA  was 
determined  by  agarose  gel  electrophoresis  and  ethidium  bro¬ 
mide  staining  of  aliquots  taken  before  and  after  nuclease  treat¬ 
ment,  as  described  previously  (Shi  et  al.,  2000).  The  entrapped 
plasmid  DNA  is  completely  resistant  to  high  local  concentra¬ 
tions  of  nuclease.  The  DNA  encapsulated  within  the  PEGylated 
liposome  is  designated  PEGylated  liposome-DNA. 

MAb  conjugation  to  the  PEGylated  liposome-DNA 

TfRMAb,  HIRMAb,  or  mlgG2a  was  thiolated  and  individ¬ 
ually  conjugated  to  the  MAL  moiety  of  the  PEGylated  lipo¬ 
some-DNA  to  produce  a  PEGylated  immunoliposome  (PIL) 
with  the  desired  receptor  (R)  specificity.  PIL  conjugated  with 
the  0X26  MAb  is  designated  TfRMAb-PIL  and  PIL  conju¬ 
gated  with  the  mlgG2a  isotype  control  is  designated 
mIgG2a-PIL.  Either  MAb  or  mIgG2a  was  radiolabeled  with 
[3H]NSP  as  described  previously  (Pardridge  et  al.,  1992).  3H- 
Labeled  MAb  had  a  specific  activity  of  >0.11  p,Ci/p,g  and  a 
trichloroacetic  acid  (TCA)  precipitability  of  >97%.  The  MAb 
(3.0  mg,  20  nmol)  was  thiolated  with  a  40: 1  molar  excess  of  2- 
iminothiolane  (Traut’s  reagent),  as  described  previously 
(Huwyler  et  al.,  1996).  The  thiolated  MAb,  which  contained  a 
trace  amount  of  3H-labeled  MAb,  was  conjugated  to  the  PE¬ 
Gylated  liposome  overnight  and  unconjugated  MAb  (and 
oligonucleotides  produced  by  nuclease  treatment)  were  sepa¬ 
rated  from  the  PIL  by  Sepharose  CL-4B  column  chromatogra¬ 
phy  as  described  previously  (Shi  et  al.,  2000).  The  number  of 
MAb  molecules  conjugated  per  liposome  was  calculated  from 
the  total  3H-labeled  MAb  counts  per  minute  in  the  liposome 
pool  and  the  specific  activity  of  the  labeled  MAb,  assuming 
100,000  lipid  molecules  per  liposome,  as  described  previously 
(Zhang  et  al.,  2002b).  The  average  number  of  MAb  molecules 
conjugated  per  liposome  was  52  ±  8  (mean  ±  SD,  n  =  4  syn- 
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theses).  The  final  percentage  entrapment  of  250  p g  of  plasmid 
DNA  in  the  liposome  preparation  was  computed  from  the  32P 
radioactivity  and  was  35.6  ±  2.1%  (mean  ±  SD,  n  =  4  syn¬ 
thesis),  or  89  pg  of  plasmid  DNA 

The  PIL  solution  was  sterilized  for  use  in  tissue  culture  by 
passage  through  a  0.22-pm  pore  size  Millex-GV  filter  (Milli- 
pore,  Bedford,  MA).  The  PIL  is  not  structurally  altered  by  this 
filtration  step  (Zhang  et  al.,  2002b). 

Electron  microscopy 

IgG-conjugated  PIL  carrying  plasmid  DNA  was  examined 
with  a  conjugate  of  10-nm  gold  and  a  goat  anti-mouse  sec¬ 
ondary  antibody  (G7652;  Sigma).  A  5-pl  aliquot  of  the  83- 
14-PIL  (5  X  1012  liposome-conjugated  MAbs)  was  incubated 
with  72  pi  of  IgG-gold  conjugate  (1  X  1012  gold  particles)  for 
1  hr  in  0.05  M  Tris-buffered  saline,  pH  6.9,  with  0.7%  bovine 
serum  albumin,  5%  FBS,  and  12%  glycerol  in  a  total  volume 
of  125  pi.  Gold-conjugated  secondary  antibody  bound  to  the 
PIL  was  separated  from  unbound  gold  conjugate  by  passage 
through  a  0.7  X  10  cm  column  of  Sepharose  CL-4B  (Bio-Rad, 
Hercules,  CA).  An  aliquot  (10  pi)  of  the  eluate  was  applied  to 
Formvar-coated  2000  mesh  copper  grids,  washed  twice  with 
0.05  M  Tris-0.15  M  NaCl.  pH  7.4.  counterstained  with  2% 
uranyl  acetate  for  1  min,  and  then  examined  directly  by  elec¬ 
tron  microscopy  using  a  JEOL  JEM-100CX  II  electron  micro¬ 
scope  at  80  kV.  Negatives,  taken  at  a  magnificationof  X29.000, 
were  scanned  and  enlarged  in  Adobe  Photoshop  5.5  on  a  G4 
Power  Macintosh. 

TH  gene  expression  in  cultured  brain  cells  with  the 
PIL  gene-targeting  system 

Human  U87  glioma  cells  or  rat  RG-2  glioma  cells  were 
plated  on  60-mm  collagen-treated  dishes  with  minimal  essen¬ 
tial  medium  (MEM)  or  with  F12  Ham’s  medium  containing 
10%  FBS,  respectively.  When  the  cells  reached  60%  conflu¬ 
ence,  the  medium  was  removed  by  aspiration,  and  6  ml  of  fresh 
medium  containing  10%  FBS  was  added  to  the  cells,  followed 
by  the  addition  of  142  pi  of  HIRMAb-PIL  carrying  clone  877 
DNA  (4  pg  of  plasmid  DNA  per  dish)  or  TfRMAb-PIL  car¬ 
rying  clone  877  DNA  (4  pg  of  plasmid  DNA  per  dish).  The 
cells  were  incubated  for  2,  4,  or  6  days,  with  three  dishes  at 
each  time  point,  for  measurement  of  TH  enzyme  activity.  This 
time  course  was  based  on  prior  work  describing  the  temporal 
changes  in  gene  expression  in  cultured  cells  exposed  to 
TfRMA-targeted  PEGylated  liposomes  (Zhang  et  al.,  2003). 

6-Hydroxydopamine  model 

Adult  male  Sprague-Dawley  rats  (supplied  by  Harlan  Breed¬ 
ers,  Indianapolis,  IN)  weighing  200-250  g  were  anesthetized 
with  ketamine  (50  mg/kg)  and  xylazine  (4  mg/kg)  intraperi- 
toneally.  Animals  received  unilateral  6-OHDA  injections  into 
the  right  medial  forebrain  bundle  (Armstrong  et  al.,  2002; 
Meshul  et  al.,  2002).  Each  animal  received  pargyline  30-60 
min  before  surgery  (50  mg/kg  in  normal  saline,  administered 
intraperitoneally).  After  pargyline  administration,  4  pi  of  6- 
OHDA  (2  pg/pl',  prepared  freshly  in  ascorbic  acid  [0.2  pg/pl] ) 
was  injected  over  a  4-min  period  with  a  10-/H  Hamilton  sy¬ 


ringe,  using  the  following  stereotaxic  coordinates:  —4.4  mm 
anterior  to  the  bregma,  —1.0  mm  lateral  to  the  bregma,  and  7.8 
mm  below  the  dura.  The  syringe  needle  was  left  in  place  for  2 
min  after  the  injection  to  allow  for  diffusion  of  the  toxin.  Three 
weeks  after  the  lesion  had  been  made,  rats  were  tested  for  apo- 
morphine-induced  contralateral  turning,  using  apomorphine 
(0.5  mg/kg)  injected  intraperitoneally. Full  (360°),  contralateral 
rotations  only  were  counted  over  20  min,  starting  5  min  after 
apomorphine  administration,  and  rats  turning  more  than  120 
times  in  20  min,  or  6  rotations/min  (rpm),  were  treated  1  week 
later  by  TH  gene  therapy.  Rats  were  individually  identified  so 
that  the  rotations  per  minute  1  week  before  and  3  days  after 
treatment  could  be  compared  for  each  rat. 

For  each  experiment,  successfully  lesioned  rats  were  di¬ 
vided  into  two  groups:  (1)  control  group — each  rat  received 
10  pg  of  clone  877  DNA  encapsulated  in  mIgG2a-PIL;  (2) 
treatment  group — each  rat  received  1,  5,  or  10  pg  of  clone 
877  DNA  encapsulated  in  TfRMAb-PIL.  PIL  was  adminis¬ 
tered  via  the  femoral  vein;  3  days  later  the  rats  were  tested 
for  apomorphine-induced  rotation  behavior  and  then  killed.  In 
each  group,  rat  brains  were  removed  and  used  for  either  TH 
immunocytochemistry  assays  or  TH  biochemistry  assays.  A 
time -response  study  was  performed,  wherein  animals  were 
not  killed  until  6  and  9  days  after  the  single  intravenous  in¬ 
jection  of  clone  877  DNA  encapsulated  in  TfRMAb-PIL.  A 
dose-response  study  was  also  performed,  wherein  animals 
were  killed  3  days  after  the  single  intravenous  injection  of 
clone  877  DNA  encapsulated  in  TfRMAb-PIL  at  a  dose  of  1, 
5,  or  10  pg  of  DNA  per  rat.  In  these  animals,  the  brain  was 
removed  for  measurement  of  TH  enzyme  activity  in  the  con¬ 
tralateral  and  ispsilateral  striatum. 

Tyrosine  hydroxylase  assay 

The  TH  activity  assay  was  performed  according  to  Rein- 
hard  et  al.  (1986)  and  Horellou  et  al.  (1989),  with  modifica¬ 
tions.  TH  converts  l-[3,5-3H] tyrosine  to  both3H20  and  L-dopa 
in  a  1:1  stoichiometric  relationship,  and  the  two  metabolites 
are  separated  by  charcoal,  which  selectively  binds  the  amino 
acids.  For  cultured  cells,  at  the  end  of  incubation,  the  growth 
medium  was  removed.  The  cells  were  washed  three  times  with 
cold  wash  buffer  (5  mM  potassium  phosphate  buffer),  and  then 
400  pi  of  sonication  buffer  (wash  buffer  with  0.2%  Triton  X- 
100)  was  added  to  each  dish.  The  cells  were  collected  and,  af¬ 
ter  a  short  vortex,  the  cells  were  sonicated  for  30  sec  with  a 
Branson  Ultrasonics  (Danbury,  CT)  sonifier  cell  disruptor 
model  185.  The  cell  homogenate  was  centrifuged  at  10,000  X 
g  for  10  min  at  4°C,  and  the  supernatant  was  removed  for  TH 
assays.  For  TH  assays  in  rat  organs,  the  liver,  the  frontal  cor¬ 
tex,  and  the  dorsal  striatum  in  both  lesioned  (ipsilateral)  and 
nonlesioned  (contralateral)  sides  of  brain  were  frozen  in  dry 
ice.  The  tissue  was  transferred  to  a  chilled  glass  tissue  grinder 
containing  0.5  ml  of  cold  wash  buffer,  and  was  homogenized 
with  10-15  strokes  at  4°C  followed  by  centrifugation  at 
10,000  X  g  for  20  min,  and  the  supernatant  was  removed  for 
TH  assays. 

The  tissue  supernatants  (200  pi)  were  added  to  100  pi  of  as¬ 
say  buffer  [final  concentration  0.5  m M  NADPH,  1  m M  BH4, 
2600  units  of  catalase,  20  pM  Fe(NH4)2(S04)2,  10  pM  L-tyro- 
sine,  L-[3H]tyrosine  [40-50  /rCi/mlJ,  50  m M  potassium  phos- 
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phatej  to  start  the  incubation  at  37°C  for  45  min.  The  reaction 
was  stopped  by  the  addition  of  1  ml  of  7.5%  charcoal  in  1.0M 
HC1.  The  mixture  was  vortexed  for  2  sec  and  centrifuged  at 
500  X  g  for  10  min.  The  supernatant  was  counted  for  the  ra¬ 
dioactivity  of  the  3H20  product,  using  a  Packard  (Meriden,  CT) 
Tri-Carb  2100TR  liquid  scintillation  analyzer.  The  supernatant 
radioactivity  was  measured  in  parallel  with  assays  blanks,  and 
all  assay  measurements  were  at  least  10-fold  above  the  assay 
blank.  The  protein  concentration  in  the  cell  extract  was  deter¬ 
mined  with  the  BCA  protein  assay  reagent.  The  counts  per 
minute  were  converted  to  picomoles  of  L-dopa  on  the  basis  of 
the  [3H]tyrosine  specific  activity,  and  the  results  were  expressed 
as  picomoles  of  L-dopa  per  hour  per  milligram  protein. 

Immunocytochemistry 

Tyrosine  hydroxylase  immunocytochemistry  was  performed 
by  the  avidin-biotin  complex  (ABC)  immunoperoxidase 
method  (Vector  Laboratories).  Brains  were  removed  immedi¬ 
ately  after  sacrifice,  cut  through  the  striatum  into  coronal  slabs, 
embedded  in  O.C.T.  medium,  and  frozen  in  dry  ice  powder. 
Frozen  sections  (20  p m)  of  rat  brain  were  cut  on  a  Mikron 
HM505E  cryostat,  and  were  fixed  in  4%  paraformaldehyde  for 
20  min  at  4°C.  Endogenous  peroxidase  was  blocked  with  0.3% 
H202  in  0.3%  horse  serum-phosphate-buffered  saline  (PBS) 
for  30  min.  Nonspecific  binding  of  proteins  was  blocked  with 
10%  horse  serum  in  0.1%  Triton  X-100-PBS  for  30  min.  Sec¬ 
tions  were  then  incubated  in  either  mouse  anti-TH  MAb  (0.2 
/r,g/ml)  or  mouse  IgGl  isotype  control  (0.2  /r,g/ml)  overnight 
at  4°C.  After  wash  in  PBS,  sections  were  incubated  in  biotin¬ 
ylated  horse  anti-mouse  IgG  for  30  min  and  then  in  ABC  for 
30  min.  After  development  in  AEC,  sections  were  mounted 
with  glycerol-gelatin  with  or  without  light  counterstaining 
with  hematoxylin. 


Statistical  analyses 

Statistically  significant  differences  in  TH  enzyme  activity  in 
different  brain  regions  and  treatment  groups  were  determined 
by  analysis  of  variance  (ANOVA)  with  the  Bonferroni  correc¬ 
tion,  using  program  7D  of  the  BMDP  Statistical  Software  pack¬ 
age  developed  by  the  UCLA  Biomedical  Computing  Series.  A 
p  value  of  <0.05  was  considered  significant. 

RESULTS 

Evaluation  of  TH  expression  plasmid  activity  in 
COS  cells  and  C6  glioma  cells  transfected 
with  LipofectAMINE 

The  four  TH  expression  plasmids  were  combined  with  the 
LipofectAMINE  and  individually  added  to  either  COS- 1  or  C6 
rat  glioma  cells,  and  TH  enzyme  activity  was  measured  48  hr 
later  (Fig.  1).  A  similar  pattern  of  TH  gene  expression  was  ob¬ 
served  in  both  cell  lines,  although  the  TH  enzyme  activity  in 
COS-1  cells  was  10-fold  greater  than  in  C6  cells,  consistent 
with  the  selective  activation  of  genes  driven  by  the  SV40  pro¬ 
moter  in  COS- 1  cells.  In  either  cell  line,  pGL2-derived  plasmid 
877  produced  the  highest  level  of  TH  enzyme  activity.  There¬ 
fore,  clone  877  was  selected  for  subsequent  encapsulation  in 
TfRMAb-PIL  for  in  vivo  gene  therapy  in  rats  with  experimen¬ 
tally  induced  PD. 

Transfection  of  cultured  cells  with  the  PIL 
gene-targeting  system 

The  encapsulationof  clone  877  plasmid  DNA  within  the  PIL 
gene-targeting  system  is  depicted  in  Fig.  2A.  The  targeting 
MAb  molecules  tethered  to  the  tips  of  the  PEG  strands  on  the 
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FIG.  1.  Tyrosine  hydroxylase  (TH)  activity  in  either  COS-1  cells  or  C6  rat  glioma  cells  transfected  with  one  of  five  different 
expression  plasmids  in  cell  culture  with  LipofectAMINE.  Clones  883  and  908  are  derived  from  pCEP4,  which  contains 
EBNAl/oriP  elements,  and  clones  877  and  878  are  derived  from  pGL2,  which  lacks  the  EBNAl/oriP  elements.  Clones  877  and 
908  contain  a  200-base  pair  cis  element  taken  from  the  3 '-untranslated  region  (UTR)  of  the  GLUT1  glucose  transporter  mRN A, 
and  this  cis  element  causes  stabilization  of  the  transcript  (Boado  and  Pardridge,  1998).  Clone  922  is  a  pGL3  luciferase  expres¬ 
sion  plasmid  and  this  clone  produced  no  measurable  TH  enzyme  activity  in  either  cell  line  (control,  Ctrl).  Data  represent  means  ± 
SE  (n  =  4  dishes  per  point). 
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FIG.  2.  (A)  Plasmid  DNA  encapsulated  in  the  interior  of  the 

PEGylated  immunoliposome  (PIL)  with  a  receptor  (R)-specific 
targeting  monoclonal  antibody  (MAb).  The  targeting  MAb  is 
conjugated  to  1-2%  of  the  polyethylene  glycol  (PEG)  strands 
that  project  from  the  surface  of  the  liposome.  There  are  about 
2000  strands  of  2000-Da  PEG  conjugated  to  the  liposome  sur¬ 
face.  The  PEG  strands  inhibit  uptake  of  the  PIL  by  the  reticu¬ 
loendothelial  systems  in  vivo  and  prolong  the  blood  residence 
time  of  the  PIL  in  vivo  (Shi  et  at.,  2000).  The  tyrosine  hy¬ 
droxylase  (TH)  gene  is  driven  by  an  SV40  promoter  (pro)  and 
contains  a  cis-stabilizing element  in  the  3 '-untranslated region 
(UTR).  (B)  Transmission  electron  microscopy  of  a  PIL.  The 
mouse  IgG  molecules  tethered  to  the  tips  of  the  2000-Da  poly¬ 
ethylene  glycol  (PEG)  are  bound  by  a  conjugate  of  10-nm  gold 
and  an  anti-mouse  secondary  antibody.  The  position  of  the  gold 
particles  illustrates  the  relationship  of  the  PEG-extended  MAb 
and  the  liposome.  Magnification  bar:  20  nm. 

PIL  are  visualized  by  electron  microscopy,  using  an  anti-mouse 
secondary  antibody  conjugated  with  10-nm  gold  (Fig.  2B).  Be¬ 
cause  the  targeting  MAb  molecules  are  species  specific  (Zhang 
et  at.,  2002c),  clone  877  plasmid  DNA  was  targeted  to  human 
U87  glioma  cells,  with  the  PIL  conjugated  with  83-14  MAb  to 
the  human  insulin  receptor  (HIR).  Conversely,  rat  RG-2  glioma 
cells  were  transduced  with  the  PIL  conjugated  with  0X26 
murine  MAb  to  the  rat  transferrin  receptor  (rTfR).  Clone  877 
plasmid  DNA  was  encapsulated  in  either  TfRMAb-PIL  or 
HIRMAb-PIL  and  4  p. g  of  plasmid  DNA  was  applied  to  each 
60-mm  culture  dish  containing  either  RG-2  or  U87  cells,  re¬ 
spectively.  The  level  of  TH  enzyme  activity  in  either  U87  cells 
or  RG-2  cells  increased  with  time  of  incubation  and  peaked  4 
days  after  the  single  application  of  the  PIL  formulation  at  time 


0  (Fig.  3).  TH  enzyme  activity  in  rat  RG-2  cells  targeted  with 
the  OX26-P1L  system  was  comparable  to  the  TH  enzyme  ac¬ 
tivity  in  C6  glioma  cells  targeted  with  LipofectAMINE  (Figs. 
1  and  3).  The  TH  enzyme  activity  in  human  U87  glioma  cells 
targeted  with  the  HIRMAb-PIL  delivery  system  was  compara¬ 
ble  to  TH  enzyme  activity  produced  with  LipofectAMINE  in 
COS-1  cells  (Figs.  1  and  3). 

TH  enzyme  activity  in  liver  of  control  rats  treated 
by  intravenous  gene  therapy 

TfRMAb-PIL  targeting  of  the  TH  gene  was  initially  exam¬ 
ined  in  a  TfR-rich  peripheral  organ,  liver,  of  control  rats  so  as 
to  identify  the  time  course  of  gene  expression.  Each  control  rat 
was  administered  10  pg  of  clone  877  plasmid  DNA  encapsu¬ 
lated  in  TfRMAb-PIL  and  hepatic  TH  enzyme  activity  was 
measured  0,  1,2,  and  3  days  after  the  single  intravenous  ad¬ 
ministration  (Table  1).  The  TH  activity  in  control  rat  liver  in¬ 
creased  >  30-fold  above  basal  levels  by  3  days  after  gene  ad¬ 
ministration.  Therefore,  72  hr  was  chosen  as  the  time  point  for 
measuring  brain  TH  activity  after  intravenous  TH  gene  therapy 
in  rats  with  experimentally  induced  PD. 

TH  enzyme  activity  and  immunoreactive  TH  levels  in 
rat  brain  with  experimentally  induced  parkinsonism 
treated  by  intravenous  TH  gene  therapy 

Three  weeks  after  the  intracerebral  injection  of  6-hydroxy- 
dopamine,  rats  were  treated  with  apomorphine  and  rotation  be¬ 
havior  was  examined.  Those  rats  that  demonstrated  contralat- 


MAb  R  cells 
0X26  rTfR  rat  RG-2 
83-14  HIR  human  U87 


FIG.  3.  Tyrosine  hydroxylase  activity  is  plotted  relative  to 
the  days  of  incubation  in  cell  culture  of  either  rat  RG-2  cells  or 
human  U87  glioma  cells  exposed  to  clone  877  plasmid  DNA 
encapsulated  in  PIL.  PIL  was  targeted  to  rat  RG-2  cells  with 
the  0X26  murine  MAb  to  the  rat  transferrin  receptor  (rTfR), 
and  PIL  was  targeted  to  human  U87  cells  with  the  83-14  murine 
MAb  to  the  human  insulin  receptor  (HIR).  Data  represent 
means  ±  SE  (n  =  4  dishes  per  point). 


TRANSVASCULAR  GENE  THERAPY  OF  THE  BRAIN 


Table  1.  Tyrosine  Hydroxylase  Activity  in  Liver  After 
Intravenous  Injection  of  Clone  877  Plasmid  DNA 
Encapsulated  in  TfRMAb-PIL  in  Control  Rats3 


Day  post 

TH  activity 

administration 

(pmol  L-dopa/hr  per  mg  protein) 

0 

3.0  ±  0.3 

1 

18.2  ±  1.8 

2 

33.2  ±  2.7 

3 

103.7  ±  9.1 

aValues  represent  means  ±  SD  (n  =  3  rats  per  time  point). 


eral  rotation  in  response  to  apomorphine  were  selected  for  sub¬ 
sequent  treatment  with  the  P1L  gene-targeting  system  1  week 
later.  Rats  with  experimentally  induced  PD  were  treated  either 
with  clone  877  plasmid  DNA  encapsulated  in  PIL  targeted  with 
TfRMAb  (designated  TfRMAb-PIL)  or  with  clone  877  plas¬ 
mid  DNA  encapsulated  in  PIL  targeted  with  mouse  IgG2a  iso¬ 
type  control  antibody  (designated mIgG2a-PIL).  Plasmid  DNA 
was  injected  intravenously  at  a  dose  of  10  /rg  of  DNA  per  rat, 
and  animals  were  killed  72  hr  after  the  single  intravenous  in¬ 
jection  for  measurement  of  either  TH  enzyme  activity  in  dor¬ 
sal  striatal  or  cortical  homogenates  or  immunoreactive  TH  lev¬ 
els  by  immunocytochemistry.  TH  enzyme  activity  in  the  dorsal 
striatum  ipsilateral  to  the  6-hydroxydopamine  injection  was  re¬ 
duced  87%  compared  with  TH  enzyme  activity  in  the  con¬ 
tralateral  striatum,  and  TH  enzyme  activity  was  completely  nor¬ 
malized  in  rats  treated  with  clone  877  DNA  encapsulated  within 
TfR-PIL  (Table  2).  In  contrast,  intravenous  administration  of 
clone  877  DNA  encapsulated  in  mIgG2a-PIL  resulted  in  no  in¬ 
crease  in  TH  enzyme  activity  in  the  ipsilateral  striatum  (Table 
2).  TH  enzyme  activity  in  the  cortex  was  only  2%  relative  to 
the  contralateral  striatum  and  there  was  no  change  in  cortical 
TH  enzyme  activity  in  the  lesioned  animals  treated  with 
TfRMAb-PIL  (Table  2). 

The  level  of  immunoreactive  TH  was  measured  by  im- 
munocytochemistry  and  there  was  a  complete  loss  of  im¬ 
munoreactive  TH  in  the  dorsal  striatum  ipsilateral  to  the  neu¬ 
rotoxin  injection,  although  residual  immunoreactive  TH  was 
detected  in  the  ventral  striatum  and  olfactory  tubercle  below  the 
anterior  commissure  in  some  rats  (Fig.  4D  and  F).  The  admin¬ 
istration  of  clone  877  encapsulated  within  m!gG2a-PIL  resulted 
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in  no  increase  in  the  level  of  immunoreactive  TH  in  the  stria¬ 
tum  (Fig.  4D-F).  However,  the  level  of  immunoreactive  TH 
was  normalized  in  the  entire  striate  body  3  days  after  an  intra¬ 
venous  injection  of  clone  877  DNA  encapsulated  within  PIL 
targeted  to  brain  by  TfRMAb  (Fig.  4A-C). 

Reversal  of  motor  impairment  after  TH  gene  therapy 

Apomorphine-induced  contralateral  rotation  was  quantified 
in  individual  rats  1  week  before  and  3  days  after  a  single  in¬ 
travenous  injection  of  clone  877  TH  expression  plasmid  en¬ 
capsulated  in  either  mIgG2a-PIL  (Fig.  5A)  or  TfRMAb-PIL 
(Fig.  5B).  Contralateral  rotations  were  counted  for  20  min  af¬ 
ter  the  intraperitoneal  injection  of  apomorphine.  Total  rotations 
in  a  20-min  period  3  days  after  treatment  are  plotted  in  Fig.  5C. 
The  mean  rotations  per  minute  (rpm)  for  the  animals  treated 
with  mlgG2a-PIL  was  20  ±  5  (range,  13-26  rpm  per  animal). 
In  contrast,  the  animals  treated  with  clone  877  TH  expression 
plasmid  encapsulated  within  TfRMAb-PIL  demonstrated  a 
70%  reduction  in  rotation  to  6  ±  2  rpm  (mean  ±  SD)  with  a 
range  of  3-9  rpm  per  individual  rat. 

Time-response  study 

The  persistence  of  TH  gene  expression  in  the  striatum  ipsi¬ 
lateral  to  the  lesion  was  determined  by  measurement  of  striatal 
TH  enzyme  activity  6  and  9  days  after  a  single  intravenous  in¬ 
jection  of  clone  877  plasmid  DNA  (10  /rg/rat)  encapsulated  in 
TfRMAb-PIL,  and  these  data  were  compared  with  the  TH  mea¬ 
surements  at  3  days.  As  shown  in  Fig.  6,  striatal  TH  activity 
peaked  at  3  days  and  had  decreased  by  50%  by  6  days  after  in¬ 
jection.  By  9  days  after  injection,  TH  activity  in  the  ipsilateral 
striatum  of  rats  treated  with  TfRMAb-PIL  was  comparable  to 
the  control  levels  in  the  lesioned  striatum  of  animals  treated 
with  mlgG2a-P!L  (Table  2). 

Dose-response  study 

TH  enzyme  activity  in  the  striatum  either  contralateral  or  ip¬ 
silateral  to  the  lesion  was  measured  3  days  after  a  single  intra¬ 
venous  injection  of  clone  877  plasmid  DNA  encapsulated  in 
TfRMAb-PIL  at  a  dose  of  1,  5,  or  10  /rg/rat  (Fig.  7).  TH  ac¬ 
tivity  in  the  ipsilateral  striatum  was  proportional  to  the  dose  of 
plasmid  DNA  administered  via  TfRMAb-PIL,  and  no  increases 
in  striatal  TH  was  observed  with  the  l-/rg/rat  dose  (Fig.  7). 


Table  2.  Tyrosine  Hydroxylase  Activity  in  Rat  Brain  Lesioned  with 
6-Hydroxydopamine,  3  Days  After  Intravenous  Injection  of  Clone  877  Plasmid 
DNA  Encapsulated  in  Either  TfRMAb-PIL  or  mIgG2a-PILa 


Region 

TH  activity  ( pmol 

L-dopa/hr  per  mg  protein ) 

TfRMAb-PIL 

mIgG2a—PIL 

Ipsilateral  striatum 

5486  ±  899b 

738  ±  179 

Contralateral  striatum 

5875  ±  550b 

5101  ±  443b 

Ipsilateral  cortex 

159  ±  27 

101  ±  7 

Contralateral  cortex 

121  ±  39 

108  ±  51 

“Values  represent  means  ±  SD  (n  =  5  rats  in  each  group). 

hp  <  0.0 1  difference  from  ipsilateral  striatum  treated  with  mIgG2a-P!L  (one-way  ANOVA,  Bon- 
ferroni  correction). 
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DISCUSSION 

The  results  of  these  studies  are  consistent  with  the  follow¬ 
ing  conclusions.  First,  striatal  TH  enzyme  activity  is  normal¬ 
ized  by  intravenous  injection  of  nonviral  TH  expression  plas¬ 
mid  encapsulatedinside  a  PIL  targeted  by  a  TfRMAb  to  neurons 
(Table  2).  Second,  normalization  of  TH  enzyme  activity  in  the 
striatum  is  paralleled  by  normalization  of  the  level  of  im- 
munoreactive  TH  protein,  as  measured  by  immunocytochem- 
istry  (Fig.  4).  Third,  the  specificity  of  the  gene-targeting  sys¬ 
tem  is  a  function  of  the  MAb,  because  the  only  difference 
between  TfRMAb-PIL  and  mIgG2a-PIL  is  the  receptor  speci¬ 
ficity  of  the  targeting  MAb  conjugated  to  the  PEGylated  lipo¬ 
some  (Fig.  2A).  Both  TfRMAb-PIL  and  mIgG2a-P!L  carry  the 
clone  877  TH  expression  plasmid.  Fourth,  there  is  no  change 
in  TH  enzyme  activity  in  cortex  and  no  measurable  im- 
munoreactive  cortical  TH  as  determined  by  immunocytochem- 
istry  performed  after  the  intravenous  injection  of  TH  expres¬ 
sion  plasmid  encapsulated  in  TfRMAb-PIL  (Table  2  and  Fig. 
4).  Fifth,  there  is  a  reversal  of  apomorphine-inducEd  rotation 
behavior  after  intravenous  TH  gene  therapy,  with  a  70%  re¬ 
duction  in  drug-induced  rotation  (Fig.  5).  Sixth,  the  normaliza¬ 
tion  of  TH  activity  in  brain  after  the  single  administration  of  a 
plasmid-based  TH  gene  is  time  dependent,  and  the  peak  activ¬ 
ity  declines  50%  by  6  days  (Fig.  6).  Seventh,  the  effect  of  gene 
therapy  is  dose  dependent,  as  minimal,  intermediate,  and  max¬ 
imal  effects  on  striatal  TH  activity  are  observed,  respectively, 
after  intravenous  administration  to  each  rat  of  1,  5,  and  10  ft, g 
of  TH  plasmid  delivered  with  TfRMAb-PIL  (Fig.  7). 

Normalization  of  TH  enzyme  activity  in  the  ipsilateral  stria¬ 
tum  (Table  2)  is  consistent  with  the  detection  of  immunoreac- 
tive  TH  throughout  the  ipsilateral  striatum  of  rats  treated  with 
TfRMAb-PIL  (Fig.  4).  For  treatment  of  human  PD,  it  may  be 
necessary  to  transduce  at  least  50%  of  the  striate  body,  because 
the  threshold  of  PD  symptoms  occurs  with  a  50%  loss  of  ni¬ 
gral-striatal  neurons  (Booij  et  al.,  2001).  The  transduction  of 
50-100%  of  the  striatum  with  a  therapeutic  gene  is  possible  af¬ 
ter  delivery  of  the  gene  to  brain  via  the  transvascular  route.  All 
neurons  in  the  brain  are  perfused  by  their  own  capillaries  and 
PIL  carrying  the  therapeutic  gene  is  delivered  to  the  “doorstep” 
of  virtually  every  neuron  in  the  brain  after  transport  across  the 
BBB  (Pardridge,  2002). 

Transduction  of  cell  lines  with  retroviral  vectors  carrying  the 
TH  gene  increases  TH  enzyme  activity  to  approximately  1600 
pmol/hr  per  106  cells  (Leff  et  al.,  1998).  This  is  comparable  to 
the  TH  enzyme  activity  in  COS- 1  cells  transduced  with  Lipo- 
fectAMINE  and  clone  877  (Fig.  1),  as  106  cells  in  culture  is 
equivalent  to  1  mg  of  protein.  A  similar  level  of  TH  enzyme 
activity  is  also  generated  in  human  U87  glioma  cells  with  the 
HIRMAb-PIL  gene-targeting  system  (Fig.  3).  Therefore,  the 
level  of  transduction  of  a  target  cell  by  the  PIL  gene-targeting 
system  is  comparable  to  levels  achieved  with  either  cationic 
lipids  or  viral  vectors. 

Cellular  targeting  of  the  PIL  gene  delivery  system  is  a  func¬ 
tion  only  of  the  receptor  specificity  of  the  targeting  MAb  (Shi 
et  al.,  2001a,b).  TfRMAb-PIL  and  mIgG2a-P!L  have  identical 
formulations,  except  that  the  mouse  IgG2a  isotype  control  an¬ 
tibody  does  not  recognize  the  rat  TfR.  TfRMAb  triggers  re¬ 
ceptor-mediated  transcytosis  of  the  PIL  nanocontainer  across 
the  BBB  in  vivo.  Once  in  the  brain  interstitial  space,  the  PIL 


undergoes  receptor-mediated  endocytosis  into  brain  cells  ex¬ 
pressing  the  TfR.  The  TfR  is  widely  expressed  on  neurons 
throughoutthe  CNS  (Mash  etal.,  1991).  Once  inside  brain  cells, 
the  fusogenic  lipids  of  the  liposome  cause  release  of  the  plas¬ 
mid  DNA,  which  is  then  transported  into  the  nuclear  compart¬ 
ment  for  expression  of  the  transgene.  The  rapid  intranuclear  de¬ 
livery  of  DNA  to  cells  by  the  PIL  gene-targeting  system  has 
been  demonstrated  by  confocal  microscopy  of  fluoresceinated 
DNA  encapsulated  in  PIL  (Zhang  et  al.,  2002b). 

TH  enzyme  activity  is  not  increased  in  the  cortex  of  brain 
after  intravenous  administration  of  TH  expression  plasmid  en¬ 
capsulated  within  TfRMAb-PIL  (Table  2  and  Fig.  4).  A  simi¬ 
lar  finding  was  made  in  the  human  TH  transgenic  mouse  model, 
which  shows  increased  TH  enzyme  activity  in  the  striatum,  but 
only  minor  changes  in  the  frontal  cortex  (Kaneda  et  al.,  1991). 
The  inability  to  mount  a  measurable  increase  in  TH  enzyme  ac¬ 
tivity  in  the  cortex  is  attributed  to  the  absence  of  TH  cofactor 
in  this  region  of  the  brain  (Shimoji  et  al.,  1999).  The  TH  en¬ 
zyme  has  an  obligatory  cofactor,  tetrahydrobiopterin(BH4),  and 
the  TH  enzyme  is  not  active  in  the  absence  of  local  production 
of  the  BH4  cofactor  (Hwang  et  al..  1998).  Studies  performed  in 
knockout  mice  show  that  the  level  of  TH  protein,  measured  by 
either  enzyme  activity  or  Western  blotting,  is  diminished  in  an¬ 
imals  lacking  BH4  (Sumi-Ichinose  et  al.,  2001).  Both  in  situ 
hybridization  and  immunocytochemistry  demonstrate  that  only 
monoaminergic  neurons  in  the  brain  express  the  enzyme  that  is 
rate  limiting  for  BH4  synthesis,  that  is,  GTP-cyclohydrolase 
(GTPCH),  and  there  is  no  measurable  GTPCH  produced  in  the 
cortex  (Nagatsu  et  al.,  1997;  Hwang  et  al.,  1998).  Although 
mRNA  for  GTPCH  exists  at  a  low  level  in  the  striatum  (Hi- 
rayama  et  al.,  1993),  the  GTPCH  protein  is  produced  in  nerve 
endings  terminating  in  the  striatum  (Hwang  et  al.,  1998).  GT¬ 
PCH  is  produced  in  cell  bodies  of  multiple  regions  of  the  brain 
outside  the  striatum,  particularly  serotoninergic  systems  (Lentz 
and  Kapatos,  1996).  These  neurons  terminate  in  the  striatum 
(Hwang  et  al.,  1998),  and  enable  the  striatal  production  of  BH4, 
a  diffusible  small  molecule,  within  the  lesioned  striatum.  Both 
GTPCH  and  BH4  levels  in  the  striatum  of  6-hydroxydopamine- 
lesionedrat  are  still  one-third  the  concentrations  in  nonlesioned 
animals  (Levine  et  al.,  1981).  This  residual  GTPCH  in  the  stria¬ 
tum  provides  the  BH4  cofactor  for  TH  enzyme  produced  by  the 
exogenous  TH  gene  delivered  to  the  brain.  In  contrast,  GTPCH 
is  not  produced  in  the  neocortex,  and  it  is  not  possible  to  in¬ 
crease  TH  enzyme  activity  in  this  region  of  the  brain  by  ad¬ 
ministration  of  exogenous  TH  gene  (Table  2).  This  is  advanta¬ 
geous  for  the  treatment  of  PD,  because  it  is  not  desirable  to 
augment  dopamine  production  in  cortical  structures.  TH  en¬ 
zyme  activity  is  increased  in  rat  glioma  cells  targeted  with 
TfRMAb-PIL  or  in  human  U87  glial  cancer  cells  targeted  with 
HIRMAb-PIL  (Fig.  3).  These  findings  are  consistent  with  prior 
studies  showing  that  both  cultured  rat  glioma  cells  and  cancer 
cell  lines  produce  the  GTPCH  enzyme  (Nussler  et  al.,  1996; 
Vann  et  al.,  2002).  A  modest  increase  in  rat  liver  TH  activity 
is  observed  in  control  rats  (Table  1),  and  this  is  consistent  with 
the  expression  of  GTPCH  in  liver  (Nagatsu  et  al.,  1997).  How¬ 
ever,  TH  enzyme  activity  in  rat  liver  is  reduced  by  98%  com¬ 
pared  with  striatal  TH  enzyme  activity  (Tables  1  and  2). 

Reversal  of  apomorphine-inducEd  rotational  behavior  in  the 
6-hydroxydopamine  lesioned  rat  is  not  seen  in  all  studies  in¬ 
volving  transduction  of  the  striatum  with  TH  genes,  using  vi- 


FIG.  4.  Tyrosine  hydroxylase  immunocytochemistry  of  rat  brain  removed  72  hr  after  a  single  intravenous  injection  of  10  /xg 
per  rat  of  clone  877  plasmid  DNA  encapsulated  in  PIL  targeted  with  either  the  TfRMAb  (A-C)  or  with  the  mouse  IgG2a  iso¬ 
type  control  (D-F).  Coronal  sections  are  shown  for  three  different  rats  from  each  of  the  two  treatment  groups.  The  6-hydroxy- 
dopamine  was  injected  into  the  medial  forebrain  bundle  of  the  right  hemisphere,  which  corresponds  to  right  side  of  the  figure. 
(G-I)  Coronal  sections  of  brain  stained  with  hematoxylin.  (G),  (H),  and  (I)  correspond  to  (A),  (E),  and  (F),  respectively.  Im- 
munoreactive  TH  is  completely  abolished  in  both  the  caudal  and  ventral  striatum  in  the  rat  shown  in  (E),  whereas  there  is  re¬ 
sidual  immunoreactive  TH  in  the  ventral  striatum  and  olfactory  tubercle  in  the  rats  shown  in  (D)  and  (F). 


treatment  treatment  treatment  treatment 


PIL  PIL 


FIG.  5.  (A)  Apomorphine-induced  rotations  per  minute  (rpm)  over  a  20-min  period,  measured  in  individual  rats  1  week  before 

treatment  and  3  days  after  a  single  intravenous  injection  of,  per  rat,  10  /xg  of  clone  877  plasmid  DNA  encapsulated  in  PIL  tar¬ 
geted  with  the  mouse  IgG2a  isotype  control  antibody.  (B)  Apomorphine-induced  rotations  per  minute  over  a  20-min  period  mea¬ 
sured  in  individual  rats  1  week  before  treatment  and  3  days  after  a  single  intravenous  injection  of,  per  rat,  10  /xg  of  clone  877 
plasmid  DNA  encapsulated  in  PIL  targeted  with  TfRMAb.  (C)  Comparison  of  the  total  rotations  in  the  two  groups  3  days  after 
treatment.  The  average  rotations  per  minute  is  20  ±  5  and  6  ±  2  (mean  ±  SD)  in  animals  treated  with  mIgG2a-PIL  and 
TfRMAb-PIL,  respectively.  The  difference  in  rotation  between  the  two  groups  is  significant  at  the  p  <  0.005  level  (Student  t 
test).  The  rotation  behavior  in  all  animals  was  measured  3  weeks  after  6-hydroxydopamine  injection,  which  corresponds  to  1 
week  before  PIL  treatment,  and  4  weeks  after  toxin  injection,  which  corresponds  to  3  days  after  treatment  with  the  PIL. 
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Days 

FIG.  6.  The  striatal  tyrosine  hydroxylase  (TH)  activity  ipsilat- 
eral  to  the  6-hydroxy  dopamine  lesion  is  plotted  versus  time  after 
a  single  intravenous  injection  of,  per  rat,  10  /rg  of  clone  877  plas¬ 
mid  DNA  encapsulated  in  TfRMAb-PIL  on  day  0.  Data  repre¬ 
sent  means  ±  SD  (n  =  3  rats  per  point).  The  TH  activity  on  the 
lesioned  side  9  days  after  treatment  with  TfRMAb-PIL  is  com¬ 
parable  to  the  TH  activity  in  the  lesioned  striatum  of  rats  treated 
with  mIgG2a-PIL  (Table  2).  The  3-day  data  are  from  Table  2. 

ral  vectors  (Mandel  et  al.,  1998;  Kirik  et  al.,  2002).  Reversal 
of  the  aberrant  rotational  behavior  in  this  model  may  require 
transduction  of  a  significant  volume  of  striatum  with  the  TH 
therapeutic  gene,  and  this  may  not  be  possible  with  a  single  in- 
trastriatal  injection  of  a  viral  vector  (Kirik  et  al.,  2002).  In  con¬ 
trast,  transvascular  delivery  of  the  TH  gene  to  brain  enables 
complete  normalization  of  TH  enzyme  activity  in  the  striatum 
(Table  2)  and  normalization  of  the  level  of  immunoreactive  TH 
in  the  entire  striate  body  (Fig.  4).  These  findings  are  consistent 
with  reversal  of  apomorphine-inducEd  rotational  behavior  after 
a  single  intravenous  administration  of  the  TH  gene  packaged 
in  the  PIL  gene  delivery  system  (Fig.  5C).  Apomorphine-in- 
duced  rotation  3  days  after  treatment  with  mIgG2a-PIL  is  in¬ 
creased  50%  relative  to  drug-induced  rotation  1  week  before 
treatment  (Fig.  5A),  and  this  observation  is  consistent  with  the 
known  pharmacodynamics  of  the  6-hydroxydopamine  model. 
Apomorphine-induced  rotations  increase  50%  by  4  weeks  after 
6-hydroxydopamine  injection  as  compared  with  rotations  ob¬ 
served  3  weeks  after  injection  (Meshul  et  al.,  2002).  The  com¬ 
parison  of  the  two  treatment  groups  4  weeks  after  toxin  injec¬ 
tion  is  shown  in  Fig.  5C,  and  these  data  show  a  70%  reduction 
in  rotation  behavior  after  treatment  with  TfRMAb-targeted  PIL. 

Normalization  of  striatal  TH  activity  after  a  single  intra¬ 
venous  administration  of  TH  gene  encapsulated  in  targeted  PIL 
is  transient,  and  the  level  of  TH  activity  in  brain  is  reduced  50% 
by  6  days  and  reduced  >90%  by  9  days  (Fig.  6).  This  time 
course  in  rat  brain  TH  activity  parallels  prior  work,  which 
showed  the  rat  brain  activity  of  /3-galactosidase  was  decreased 
50%  by  6  days  after  a  single  intravenous  injection  of  expres¬ 
sion  plasmid  encapsulated  in  targeted  PIL  (Shi  et  al.,  2001b). 
The  organ  level  of  the  plasmid  DNA,  as  determined  by  South¬ 
ern  blotting,  was  also  50%  decreased  at  6  days  after  a  single 
intravenous  administration  of  PIL  (Shi  et  al.,  2001b),  which 
suggests  that  gene  expression  declines  with  time  owing  to 
degradation  of  plasmid  DNA  within  the  target  tissue.  Reversible 


gene  expression  by  PIL  gene-targeting  technology  is  consistent 
with  expression  of  the  gene  episomally,  without  integration  of 
the  plasmid  DNA  within  the  host  genome.  Conversely,  the  ex¬ 
pression  of  exogenous  genes  is  long-lasting  after  the  transfec¬ 
tion  of  brain  cells  with  either  retrovirus  (Kordower  et  al.,  2000 ) 
or  adeno-associated  virus  (Kaplitt  et  al.,  1994),  as  these  viral 
vectors  randomly  and  stably  integrate  into  the  host  genome.  The 
long-term  effects  of  such  stable  and  random  integration  are  not 
known  (Cavazzana-Calvo  et  al.,  2000).  Although  gene  expres¬ 
sion  is  reversible  with  nonviral,  plasmid-based  gene  therapy, 
sustained  pharmacologic  effects  can  be  achieved  with  repeat 
administration  of  the  gene  medicine.  Weekly  intravenous  ad¬ 
ministration  of  plasmid  DNA  encoding  antisense  RNA  against 
the  human  epidermal  growth  factor  receptor  caused  a  100%  in¬ 
crease  in  survival  time  for  mice  with  intracranial  brain  cancer 
(Zhang  et  al.,  2002a). 

A  linear  dose  response  is  observed  as  the  striatal  TH  activ¬ 
ity  ipsilateral  to  the  6-hydroxydopamine  injection  is  increased 
in  proportion  to  the  dose  of  TH  expression  plasmid  targeted  to 
brain  by  TfRMAb-PIL.  A  maximal  effect  is  observed  in  rats 
receiving  a  10-/u,g  dose,  whereas  the  l-/j,g/rat  dose  is  ineffec¬ 
tive,  and  an  intermediate  response  is  obtained  with  the  5-/ag/rat 
dose  (Fig.  7).  A  per-rat  dose  of  10  fig  of  the  6.0-kb  clone  877 
plasmid  delivers  1.2  X  109  plasmid  molecules  per  gram  of 
brain,  because  0.07%  of  the  injected  PIL  dose  is  delivered  to  1 
g  of  rat  brain  (Shi  and  Pardridge,  2000).  Given  108  cells  per 
gram  of  brain,  the  10-/xg/rat  dose  delivers  approximately  12 
plasmid  DNA  molecules  per  brain  cell.  Conversely,  only  one 
plasmid  molecule  per  brain  cell  is  delivered  with  the  l-/j,g/rat 
dose,  and  this  dose  has  no  pharmacologic  effect  on  TH  activ¬ 
ity  in  brain  (Fig.  7).  These  findings  suggest  a  relatively  high 
efficiency  of  transfection  of  brain  cells  in  vivo  by  the  PIL  gene¬ 
targeting  technology,  and  that  pharmacological  effects  in  brain 
are  achieved  with  the  delivery  of  only  5-10  plasmid  DNA  mol¬ 
ecules  per  brain  cell. 

TH  enzyme  activity  in  rat  liver  is  also  increased  by  the  in¬ 
travenous  administration  of  clone  877  plasmid  DNA  encapsu¬ 
lated  in  TfRMAb-PIL,  although  the  enzyme  activity  in  liver  at 
3  days  (Table  1)  is  <2%  of  striatal  enzyme  activity  (Table  2). 


plasmid  DNA  (|a.g)/rat 


FIG.  7.  The  striatal  tyrosine  hydroxylase  (TH)  activity  either 
ipsilateral  or  contralateral  to  the  6-hydroxydopamine  lesion  is 
plotted  versus  the  dose  of  clone  877  plasmid  DNA  encapsu¬ 
lated  in  TfRMAb-PIL.  Data  represent  means  ±  SD  (n  =  3  rats 
per  point).  Striatal  TH  was  measured  3  days  after  the  single  in¬ 
travenous  administration  of  DNA. 
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The  TH  gene  is  expressed  in  liver  because  (1)  the  TfR  is  highly 
expressed  in  this  organ  (Shi  et  al. ,  2001b),  and  (2)  clone  877 
plasmid  is  under  the  influence  of  the  widely  expressed  SV40 
promoter  (see  Materials  and  Methods).  However,  if  the  SV40 
promoter  is  replaced  with  a  brain-specificpromoter,  such  as  the 
5 '-flanking  sequence  of  the  glial  fibrillary  acidic  protein  gene, 
then  extracerebral  gene  expression  is  eliminated  (Shi  et  al., 
2001a).  Therefore,  the  tissue  specificity  of  expressionof  the  ex¬ 
ogenous  gene  can  be  controlled  by  the  combined  use  of  gene¬ 
targeting  technology  and  tissue-specific  gene  promoters. 

In  summary,  the  intracerebral  injection  of  6-hydroxy- 
dopamine  into  the  medial  forebrain  bundle  caused  a  90%  de¬ 
crease  in  ipsilateral  TH  enzyme  activity  and  immunoreactive 
TH  in  the  ipsilateral  striatum.  TH  enzyme  activity  and  im¬ 
munoreactive  TH  in  the  striatum  were  normalized  by  a  single 
intravenous  injection  of  a  nonviral  TH  expression  plasmid  en¬ 
capsulated  in  the  interior  of  PIL  and  targeted  to  neurons  by  a 
TfRMAb.  Normalization  of  striatal  TH  enzyme  activity  was  as¬ 
sociated  with  a  70%  reduction  in  apomorphine-inducEd  rota¬ 
tion  behavior.  The  pharmacological  effect  in  brain  is  both  time 
and  dose  dependent.  This  work  shows  that  it  is  possible  to 
achieve  pharmacological  effects  in  target  tissues  by  nonviral 
gene  transfer  after  intravenous  administration  of  the  gene. 
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Expression  plasmids  encoding  either  luciferase  or  p-galactosidase  were  encapsulated  in  the 
interior  of  an  "artificial  virus"  comprised  of  an  85  nm  pegylated  immunoliposome,  which  was 
targeted  to  the  rhesus  monkey  brain  in  vivo  with  a  monoclonal  antibody  (MAb)  to  the  human 
insulin  receptor  (HIR).  The  HIRMAb  enables  the  liposome  carrying  the  exogenous  gene  to 
undergo  transcytosis  across  the  blood-brain  barrier  and  endocytosis  across  the  neuronal  plasma 
membrane  following  intravenous  injection.  The  level  of  luciferase  gene  expression  in  the  brain 
was  50-fold  higher  in  the  rhesus  monkey  as  compared  to  the  rat.  Widespread  neuronal  expression 
of  the  p-galactosidase  gene  in  primate  brain  was  demonstrated  by  both  histochemistry  and 
confocal  microscopy.  This  approach  makes  feasible  reversible  adult  transgenics  in  24  hours. 


Key  Words:  gene  therapy,  insulin  receptor,  liposomes,  non-viral  gene  transfer, 

blood-brain  barrier 


Introduction 

Many  diseases  of  the  central  nervous  system  (CNS)  are 
candidates  for  treatment  by  gene  therapy  [1],  and  for 
most  of  these  disorders,  it  is  necessary  to  achieve  wide¬ 
spread  expression  of  the  exogenous  gene  throughout  the 
entire  CNS.  Global,  neuronal  gene  expression  in  the  brain 
is  possible  with  trans-vascular  delivery  of  the  gene  follow¬ 
ing  intravenous  administration.  The  cerebral  microvascu¬ 
lature,  which  forms  the  blood-brain  barrier  (BBB)  in  vivo, 
is  a  very  dense  network,  comprising  approximately  400 
miles  in  the  human  brain.  Since  virtually  every  neuron  in 
the  brain  is  perfused  by  its  own  blood  vessel,  the  delivery 
of  the  gene  across  the  BBB  targets  the  gene  to  the  "door¬ 
step"  of  every  neuron  in  the  brain.  Subsequent  to  trans¬ 
port  across  the  BBB,  it  is  also  necessary  for  the  exogenous 
gene  to  undergo  uptake  into  brain  cells  via  endocytosis 
across  the  brain  cell  plasma  membrane  (BCM). 

The  widespread  expression  of  exogenous  genes  in  ro¬ 
dent  brain  has  been  recently  demonstrated  using  non- 
viral  gene  transfer  technology  and  pegylated  immunoli- 
posomes  (PIL).  In  this  approach,  the  non-viral  plasmid 
DNA  is  encapsulated  in  the  interior  of  an  85  nm  liposome 
[2] .  The  liposome  has  the  same  size  as  many  viral  vectors, 
and  like  a  viral  vector,  the  liposome  houses  the  plasmid 
DNA  in  the  interior  of  a  nanocontainer  to  prevent  degra¬ 
dation  of  the  DNA  by  endonucleases  [3],  which  are  ubiq¬ 


uitous  in  vivo.  The  blood  residence  time  of  the  liposome  is 
prolonged  by  conjugating  several  thousand  strands  of 
2000  Dalton  polyetheylene  glycol  (PEG)  to  the  surface  of 
the  liposome  [2].  The  PEG  strands  reduce  adsorption  of 
serum  proteins  to  the  liposome  surface,  which  minimizes 
uptake  of  the  nanocontainer  by  the  cells  lining  the  reti- 
culo-endothelial  system  in  vivo  [4].  The  pegylated  lipo¬ 
some  can  be  targeted  to  brain  cells  by  tethering  to  the  tips 
of  1-2%  of  the  PEG  strands  a  receptor-specific  targeting 
ligand,  such  as  a  peptidomimetic  monoclonal  antibody 
(MAb).  The  MAb  attaches  to  a  receptor  expressed  on  both 
the  BBB  and  the  BCM  to  enable  sequential  receptor-me¬ 
diated  transcytosis  across  the  BBB  and  receptor-mediated 
endocytosis  across  the  BCM  (Figure  1).  The  targeting  MAb 
acts  as  molecular  Trojan  horse  to  ferry  the  PIL  across 
biological  barriers  in  the  brain  via  endogenous  transport 
systems  [5].  The  targeting  MAb's  are  species-specific.  En¬ 
dogenous  genes  are  delivered  to  mouse  brain  with  the  rat 
8D3  MAb  to  the  mouse  transferrin  receptor  (TfR)  [6],  and 
to  rat  brain  with  the  murine  0X26  MAb  to  the  rat  TfR 
[2,7].  In  addition  to  the  targeting  specificity  of  the  MAb, 
tissue-specific  gene  expression  is  influenced  by  the  gene 
promoter.  Exogenous  genes  driven  by  the  SV40  promoter, 
and  targeted  to  rodent  tissues  with  a  TfRMAb  are  ex¬ 
pressed  in  brain  [6,7]  or  retina  [8],  as  well  as  peripheral 
tissues  that  also  express  the  TfR.  However,  the  SV40  pro¬ 
moter  is  widely  expressed  in  vivo  [9].  Replacement  of  the 
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FIG.  1.  The  plasmid  DNA  is  encapsulated  in  the 
interior  of  an  85  nm  pegylated  immunoliposome 
(PIL).  The  surface  of  the  liposome  is  conjugated 
with  several  thousand  strands  of  2000  Dalton 
polyethyleneglycol  (PEG),  and  the  tips  of  1-2% 
of  the  PEG  strands  is  tethered  with  a  targeting 
ligand,  such  as  a  insulin  receptor  (IR)-specific 
monoclonal  antibody  (MAb).  The  MAb-conju- 
gated  PIL  undergoes  receptor-mediated  transcy- 
tosis  across  the  blood-brain  barrier  and  receptor- 
mediated  endocytosis  across  the  brain  cell 
plasma  membrane  and  enters  the  nuclear  com¬ 
partment  [1 2]. 


SV40  promoter  with  a  brain  specific  promoter  eliminates 
exogenous  gene  expression  in  peripheral  TfR-rich  organs 
following  intravenous  administration  [6] .  Successful  gene 
therapy  of  the  brain  is  feasible  with  intravenous  admin¬ 
istration  of  the  gene  formulated  with  the  PIL  gene  target¬ 
ing  technology.  The  survival  time  is  increased  100%  in 
mice  with  intra-cranial  human  brain  cancer  following 
weekly  injections  of  the  targeted  PIL  carrying  plasmid 
DNA  that  expresses  antisense  mRNA  to  the  human  epi¬ 
dermal  growth  factor  [10]. 

The  8D3  or  0X26  anti-TfRMAb's  are  specific  for  mice 
and  rats,  respectively,  and  are  not  active  in  primates  or 
humans  [5].  Drug  or  gene  targeting  to  the  brain  of  Old 
World  primates  such  as  the  rhesus  monkey  is  possible 
with  the  murine  83-14  MAb  to  the  human  insulin  recep¬ 
tor  (HIR).  The  rate  of  transport  of  the  HIRMAb  across  the 
primate  BBB  is  nearly  10-fold  greater  than  the  rate  of 
transport  of  an  anti-human  TfRMAb  across  the  primate 
BBB  in  vivo  [5].  The  high  activity  of  the  HIRMAb  was 
demonstrated  recently  with  respect  to  gene  targeting  to 
cultured  human  or  rat  glioma  cells.  In  these  studies,  a 
luciferase  expression  plasmid  was  targeted  to  human  glial 
cells  with  HIRMAb-conjugated  PIL  and  to  rat  glial  cells 
with  TfRMAb-conjugated  PIL  [1 1J .  The  level  of  gene  ex¬ 
pression  was  >  10-fold  greater  in  human  cells  targeted 
with  the  HIRMAb  as  compared  to  rat  cells  targeted  with 
the  TfRMAb. 

The  purpose  of  the  present  study  is  to  evaluate  the 
targeting  of  exogenous  genes  to  primate  brain  in  vivo 
using  the  PIL  gene  targeting  technology  and  the  HIRMAb 
as  the  targeting  ligand.  This  MAb  acts  as  a  molecular 
Trojan  horse  to  ferry  the  liposome  across  the  BBB  and  the 
BCM  in  the  primate  brain  in  vivo  (Figure  1).  Expression 
plasmids  driven  by  the  SV40  promoter  and  encoding  lu¬ 
ciferase  or  bacterial  |3-galactosidase  were  encapsulated  in 
the  HIRMAb-PIL  and  injected  intravenously  into  the 


adult  Rhesus  monkey.  The  animal  was  sacrificed  48  hours 
later  and  brain  expression  of  the  luciferase  and  [1-galacto- 
sidase  genes  in  the  primate  brain  was  measured.  Since 
luciferase  measurements  are  quantitative,  the  level  of  lu¬ 
ciferase  gene  expression  in  the  primate  brain  targeted 
with  the  HIRMAb-PIL  was  compared  to  luciferase  gene 
expression  in  rat  brain  targeted  with  the  TfRMAb-PIL. 

Results 

The  level  of  luciferase  gene  expression  in  hemispheric 
gray  matter  in  the  primate  is  high  and  approximately  10 
pg  luciferase  per  mg  of  brain  protein  (Figure  2A).  The  level 
of  luciferase  gene  expression  in  the  Rhesus  monkey  brain 
targeted  with  the  HIRMAb-PIL  is  nearly  50-fold  greater 
than  the  level  of  luciferase  gene  expression  in  rat  brain 
targeted  with  the  TfRMAb-PIL  (Figure  2B).  The  luciferase 
gene,  driven  by  the  SV40  promoter,  is  also  expressed  in 
insulin  receptor-rich  or  TfR-rich  organs  in  the  monkey 
and  rat,  respectively,  such  as  liver,  spleen,  and  lung  (Fig¬ 
ure  2)  with  minimal  gene  expression  in  kidney  or  heart  in 
these  species  (Figure  2).  Luciferase  gene  expression  in 
primate  skeletal  muscle  was  also  low,  0.13  ±  0.02  pg 
luciferase  per  mg  protein.  Luciferase  gene  expression  in 
hemispheric  white  matter  of  the  primate  brain  was  3.2  ± 
0.3  pg  luciferase  per  mg  protein,  which  is  3-fold  lower 
than  luciferase  gene  expression  in  gray  matter  of  primate 
brain  (Figure  2A).  The  level  of  luciferase  gene  expression 
in  primate  cerebellar  gray  matter  and  white  matter  was 
7.0  ±  1.6  and  4.0  ±  0.4  pg  luciferase  per  mg  protein, 
respectively. 

The  expression  of  the  (3-galactosidase  gene  in  primate 
brain  was  examined  with  both  histochemistry  and  con- 
focal  microscopy.  The  histochemistry  of  frozen  sections 
of  primate  brain  removed  48  hours  after  the  single  intra¬ 
venous  injection  of  the  gene  shows  diffuse  and  wide- 
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FIG.  2.  Luciferase  gene  expres¬ 
sion  in  the  brain  and  other  or¬ 
gans  of  the  adult  rhesus  mon¬ 
key  (A)  and  adult  rat  (B) 
measured  at  48  hours  after  a 
single  intravenous  injection  of 
the  PIL  carrying  the  plasmid 
DNA.  Data  are  mean  ±  SE.  The 
plasmid  DNA  encoding  the  lu¬ 
ciferase  gene  used  in  either 
species  is  clone  790,  which  is 
driven  by  the  SV40  promoter 
[11,12].  The  PIL  carrying  the 
DNA  was  targeted  to  primate 
organs  with  the  83-14  HIRMAb 
and  to  rat  organs  with  the 
0X26  TfRMAb. 


spread  expression  of  p-galactosidase  in  primate  brain  (Fig¬ 
ure  3 A,  3C).  In  contrast,  p-galactosidase  histochemistry  of 
control  or  un-injected  primate  brain  shows  no  p-galacto¬ 
sidase  activity  (Figure  3B).  The  gray  and  white  matter 


tracts  of  the  brain  are  delineated  in  the  histochemistry, 
consistent  with  a  greater  level  of  p-galactosidase  gene 
expression  in  gray  matter  relative  to  white  matter.  Light 
micrographs  of  the  primate  brain  p-galactosidase  histo- 


FIG.  3.  (3-Galactosidase  histochemistry  of  brain  removed  from  either  the  HIRMAb-PIL  injected  rhesus  monkey  (A,  C,  D,  E,  and  F)  or  the  control,  uninjected  rhesus 
monkey  (B).  The  plasmid  DNA  encapsulated  in  the  PIL  is  the  pSV-|3-galactosidase  expression  plasmid  driven  by  the  SV40  promoter.  Panel  A  is  a  reconstruction 
of  the  2  halves  of  a  coronal  section  of  the  forebrain.  Panel  C  shows  half-coronal  sections  through  the  primate  cerebrum  and  a  full  coronal  section  through  the 
cerebellum;  the  sections  from  top  to  bottom  are  taken  from  the  rostral  to  caudal  parts  of  brain.  Panels  D,  E,  and  F  are  light  micrographs  of  choroid  plexus,  occipital 
cortex,  and  cerebellum,  respectively.  All  specimens  are  |3-galactosidase  histochemistry  without  counter-staining.  The  magnification  in  panels  A  and  B  is  the  same 
and  the  magnification  bar  in  panel  A  is  3  mm;  the  magnification  bar  in  panel  C  is  8  mm;  the  magnification  bars  in  panels  D-F  are  155  (xm. 
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FIG.  4.  Confocal  immunofluorescent  imag¬ 
ing  of  (3-galactosidase  expression  in  neu¬ 
rons  of  the  gene  injected  (A-F)  and  the 
uninjected  control  rhesus  monkey  brain 
(G-l).  Immunoreactive  neuronal  nuclei 
(NeuN)  are  stained  with  a  mouse  anti- 
neuN  primary  antibody  and  a  fluorescein- 
labeled  secondary  antibody,  as  shown  in 
panels  A,  D,  and  G.  Immunoreactive  (3-ga- 
lactosidase  is  stained  with  a  rabbit  anti¬ 
bacterial  (3-galactosidase  primary  antibody 
and  a  rhodamine-labeled  secondary  anti¬ 
body,  as  shown  in  panels  B,  E,  and  H.  The 
respective  superimposed  yellow  images  re¬ 
veal  co-localization  of  the  neuN  and  (3-ga- 
lactosidase  in  neurons  (C,  F).  Primate  brain 
was  also  immunolabeled  with  the  isotype 
control  mouse  IgG!  or  rabbit  IgG,  which 
showed  no  specific  staining  as  shown  in 
the  insets  of  panels  A  and  B,  respectively. 
Scale  bars  in  panels  A-C  and  G-l  are  1 00 
|jim;  scale  bars  in  panels  D-F  (oil  immer¬ 
sion)  are  50  p,m.  Neurons  from  the  primate 
supplementary  motor  cortex  are  shown  in 
panels  A-C,  and  larger  neurons  from  the 
primate  primary  motor  cortex  are  shown  in 
panels  G-H. 


chemistry  are  shown  in  Panels  D-F  of  Figure  3.  The  cho¬ 
roid  plexus  bordered  by  gray  matter  and  white  matter  is 
shown  in  Figure  3D.  Gene  expression  is  visible  within  the 
choroid  plexus  epithelium,  the  ependymal  lining  of  the 
ventricle,  and  the  capillary  endothelium  of  adjacent 
white  matter  (Figure  3D).  The  (3-galactosidase  gene  ex¬ 
pression  within  the  neurons  of  the  occipital  cortex  is 
visible  and  reveals  the  columnar  organization  of  the  oc¬ 
cipital  cortex  of  the  primate  brain  (Figure  3E).  Dense  gene 
expression  in  the  molecular  and  granular  layers  of  the 
cerebellum,  as  well  as  the  intermediate  Purkinje  cells,  are 
visible  in  Figure  3F.  Owing  to  the  reduced  level  of  gene 
expression  in  the  cerebellar  white  matter,  the  (3-galactosi- 
dase  enzyme  activity  is  detected  in  the  capillary  endothe¬ 
lium  within  the  white  matter  of  the  cerebellum  (Figure 
3F). 

Confocal  microscopy  confirmed  neuronal  expression 
of  the  (3-galactosidase  gene,  as  there  is  overlap  of  immu¬ 
noreactive  neuN  and  (3-galactosidase  in  primate  brain 
(Figure  4).  Immunostaining  of  neuN  is  shown  in  Figure  4A 
and  4D  in  the  gene-injected  monkey  and  in  Figure  4G  for 
the  un-njected  control  monkey.  Immunoreactive  (3-galac¬ 
tosidase  is  detected  in  the  brain  of  the  gene  injected 


monkey  (Figure  4B  and  4E),  but  not  in  the  brain  of  the 
un-injected  control  monkey  (Figure  4H).  The  overlap  of 
the  immunoreactive  neuN  and  (3-galactosidase  is  shown 
in  Figure  4C  and  4F.  Control  staining  with  the  either 
mouse  IgG,  or  rabbit  IgG  were  negative  as  shown  in  the 
insets  of  Figures  4A  and  4B,  respectively. 

Histochemistry  of  primate  peripheral  organs  demon¬ 
strated  tissue  specific  expression  of  the  (3-galactosidase 
gene  (Figure  5),  similar  to  luciferase  gene  expression  (Fig¬ 
ure  2B).  Diffuse  trans-hepatic  gene  expression  was  ob¬ 
served  in  primate  liver  (Figure  5A)  and  light  microscopy 
shows  the  gene  is  expressed  in  hepatocytes  (Figure  5B). 
Diffuse  gene  expression  is  observed  in  spleen  (Figure  5C), 
and  light  microscopy  shows  a  higher  level  of  gene  expres¬ 
sion  in  red  pulp  as  compared  to  white  pulp  (Figure  5D). 
No  detectable  (3-galactosidase  gene  expression  is  observed 
in  heart,  skeletal  muscle,  or  fat  in  the  primate  (Figure 
5E-J). 

Discussion 

The  results  of  these  studies  are  consistent  with  the  follow¬ 
ing  conclusions.  First,  the  PIL  gene  targeting  technology 
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FIG.  5.  |3-Galactosidase  histochemis¬ 
try  of  rhesus  monkey  organs  removed 
48  hours  after  intravenous  injection  of 
the  pSV-p-galactosidase  expression 
plasmid  encapsulated  in  the  HIRMAb- 
PIL,  including  liver  (A,B),  spleen  (C, 
D),  heart  (E,  F),  biceps  skeletal  muscle 
(G,  H),  and  omental  fat  (I,  J).  Magni¬ 
fication  in  panels  A,  C,  E,  G,  and  I  is 
the  same  and  the  magnification  bar  in 
panel  A  is  5  mm.  Magnification  in 
panels  B,  D,  F,  H,  and  J  is  the  same  and 
the  magnification  bar  in  panel  B  is  65 
(j,m.  The  |3-galactosidase  gene  is  dif¬ 
fusely  expressed  in  primate  liver  and 
spleen,  whereas  there  is  no  detectable 
gene  expression  in  heart,  skeletal 
muscle,  or  fat.  No  sections  are 
counter-stained. 


skeletal 

muscle 


fat 


enables  diffuse,  widespread  expression  of  exogenous 
genes  in  the  primate  brain  (Figure  3).  Second,  the  level  of 
gene  expression  in  the  monkey  brain  targeted  with  the 
HIRMAb-PIL  is  50-fold  greater  than  gene  expression  in  the 
rat  brain  targeted  with  the  TfRMAb-PIL  (Figure  2).  Third, 
the  exogenous  gene  is  expressed  in  neurons  in  the  pri¬ 
mate  brain  as  shown  by  co-labeling  primate  brain  sections 
with  antibodies  against  the  neuN  neuronal  specific  anti¬ 
gen  and  bacterial  p-galactosidase  (Figure  4).  Fourth,  the 
exogenous  gene  is  expressed  in  primate  peripheral  tissues 
expressing  the  insulin  receptor,  which  have  a  permeable 
microvasculature,  such  as  liver  or  spleen,  but  not  in  pe¬ 
ripheral  tissues  which  are  perfused  by  a  microvasculature 
with  a  continuous  endothelium,  such  as  heart,  skeletal 
muscle,  kidney,  or  fat  (Figures  2,  5). 


The  PIL  is  targeted  to  brain  of  rats  or  monkeys  because 
both  the  brain  cell  membrane,  and  the  brain  microvascu- 
lar  endothelium,  which  forms  the  BBB  in  vivo,  are  en¬ 
riched  in  either  insulin  receptor  (IR)  or  TfR  [5].  However, 
the  extent  to  which  a  given  gene  is  expressed  is  a  function 
of  the  activity  of  the  targeting  antibody  and  the  targeted 
receptor.  The  present  studies  show  that  the  level  of  gene 
expression  in  the  primate  brain  targeted  with  the 
HIRMAb-PIL  is  nearly  50-fold  greater  than  the  level  of 
gene  expression  in  the  rat  brain  targeted  with  the 
TfRMAb-PIL  (Figure  2).  This  finding  parallels  recent  obser¬ 
vations  that  the  level  of  gene  expression  in  cultured  hu¬ 
man  glial  cells  targeted  with  the  HIRMAb-PIL  is  >  10-fold 
greater  than  the  gene  expression  in  cultured  rat  glial  cells 
targeted  with  the  TfRMAb-PIL  [11].  The  higher  levels  of 
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gene  expression  following  targeting  of  the  insulin  recep¬ 
tor  may  be  due  to  the  property  of  this  receptor  to  target 
the  nuclear  compartment  [11].  Confocal  microscopy  of 
cultured  human  glial  cells  shows  the  HIRMAb-PIL  rapidly 
delivers  fluoresceinated  plasmid  DNA  to  the  nucleus  of 
the  cell  [12], 

The  delivery  of  the  exogenous  gene  to  the  primate 
brain  is  global  (Figure  3).  Gene  expression  is  higher  in 
gray  matter  as  compared  to  white  matter,  based  on  the 
(3-galactosidase  histochemistry  (Figure  3).  The  level  of  lu- 
ciferase  activity  in  gray  matter  is  2-3-fold  higher  than  in 
primate  white  matter  (Results),  and  these  findings  are 
consistent  with  the  approximate  3-fold  greater  vascular 
density  of  gray  matter  relative  to  white  matter  [13]. 
Within  the  gray  matter  regions  of  brain,  the  majority  of 
the  neurons  within  a  field  express  the  exogenous  gene,  as 
shown  by  the  microscopy  of  either  the  occipital  cortex 
(Figure  3E)  or  the  cerebellar  cortex  (Figure  3F).  The  PIL 
gene  targeting  technology  enables  the  global  transduc¬ 
tion  of  the  majority  of  neurons  throughout  the  entire 
brain,  and  this  is  possible  because  the  gene  is  delivered  to 
brain  via  the  trans-vascular  route. 

In  addition  to  brain,  the  PIL-targeted  gene  is  expressed 
in  liver  and  spleen  (Figure  5).  These  organs  are  perfused  by 
a  leaky  sinusodal  vasculature,  which  allows  rapid  trans- 
vascular  egress  of  the  PIL  into  the  organ  interstitium,  and 
the  parenchymal  cells  in  liver  or  spleen  are  enriched  in  IR 
or  TfR  [7].  Despite  the  high  expression  of  the  IR  on  pa¬ 
renchymal  cells,  gene  expression  in  heart,  skeletal  muscle, 
fat,  or  kidney  is  minimal  (Figures  2,  5),  because  these 
organs  are  perfused  by  capillaries  with  continuous  endo¬ 
thelium.  Unlike  the  brain,  where  the  IR  is  expressed  on 
the  microvascular  endothelial  barrier  (Figure  1),  the  IR  is 
not  expressed  on  the  endothelium  in  peripheral  organs. 
The  PIL  cannot  readily  enter  the  extravascular  space  of 
these  peripheral  organs  in  the  absence  of  endothelial 
transport  mechanisms  that  enable  the  receptor-mediated 
transcytosis  across  the  microvascular  endothelial  barrier. 
A  similar  transport  restriction  across  myocardial  capillar¬ 
ies  occurs  for  adenoviral  vectors  following  the  intra-cor¬ 
onary  infusion  of  the  virus  [14].  Both  adenovirus  and  the 
PIL  are  about  85  nm  in  diameter,  which  is  too  large  to 
freely  traverse  the  small  pore  system  of  the  endothelium 
of  continuous  capillaries. 

Gene  expression  in  primate  lung  is  moderate  and  less 
than  brain,  liver,  or  spleen  (Figure  2A).  The  modest  lung 
expression  of  the  gene  illustrates  the  marked  differences 
between  the  PIL  gene  transfer  technology  and  conven¬ 
tional  non-viral  gene  transfer  approaches,  which  use 
DNA/cationic  liposomes.  Cationic  liposomes,  even  pegy- 
lated  cationic  liposomes,  are  taken  up  by  lung  at  rates  log 
orders  greater  than  liver  or  spleen  [15].  Cationic  lipo- 
some/DNA  complexes  aggregate  in  physiological  saline 
[16],  and  these  aggregates  deposit  in  the  first  vascular  bed 
encountered  after  an  intravenous  injection,  which  is  the 
pulmonary  circulation.  In  contrast,  the  PIL  does  not  ag¬ 


gregate  in  saline  or  serum  and  has  prolonged  blood  resi¬ 
dence  times  [2]. 

The  expression  of  the  exogenous  gene  in  primate  pe¬ 
ripheral  tissues  such  as  liver  or  spleen  is  observed  because 
either  the  luciferase  or  the  [3-galactosidase  expression 
plasmids  used  in  these  studies  is  under  the  influence  of 
the  SV40  promoter  [17].  If  the  widely  expressed  SV40 
promoter  is  replaced  with  a  brain  specific  promoter  such 
as  the  5 '-flanking  sequence  from  the  human  glial  fibrillary 
acidic  protein  (GFAP)  gene,  then  transgene  expression  in 
maintained  in  brain,  but  is  eliminated  in  peripheral  tis¬ 
sues  such  as  liver  or  spleen  [6].  In  addition  to  the  pro¬ 
moter,  the  targeting  MAb  conjugated  to  the  PIL  restricts 
the  specificity  of  tissue  gene  expression.  If  the  targeting 
MAb  is  replaced  with  an  isotype  IgG  control  antibody, 
then  there  is  no  gene  expression  in  any  organ  in  rats  or 
mice  following  intravenous  administration  of  the  gene 
encapsulated  in  the  PIL  [2,6,7]. 

The  levels  of  luciferase  gene  expression  in  primate 
brain,  liver,  or  spleen  following  an  intravenous  injection 
of  the  HIR-PIL  (Figure  2)  are  comparable  to  the  levels  of 
luciferase  gene  expression  in  mice  following  the  intrave¬ 
nous  injection  of  HIV-l-based  lentivirus  encoding  the 
luciferase  gene.  The  luciferase  activity  in  liver  and  spleen 
of  mice  subjected  to  multiple  intravenous  infusions  with 
10s  viral  units  is  2000  and  600  pg  luciferase  per  gram 
tissue,  and  there  is  no  luciferase  expression  in  brain  [18]. 
Peripheral  organs  contain  180  mg  protein  per  gram  tissue. 
Therefore,  the  luciferase  activity  in  liver  and  spleen  of  the 
lentivirus-injected  mice  is  11  and  3  pg  luciferase  per  mg 
protein,  and  these  values  are  comparable  to  the  luciferase 
levels  generated  in  primate  brain,  liver,  or  spleen  with 
non-viral  gene  transfer  of  a  luciferase  expression  plasmid 
(Figure  2). 

In  summary,  these  studies  show  that  it  is  possible  to 
achieve  widespread  expression  of  exogenous  genes 
throughout  the  primate  brain  following  a  single  intrave¬ 
nous  injection  of  a  non-viral  formulation  of  the  gene.  The 
PIL  gene  targeting  technology  enables  adult  transgenics  of 
the  brain  within  24  hours.  The  only  other  way  to  achieve 
an  experimental  result  such  as  that  shown  in  Figure  3  is 
with  the  engineering  and  breeding  of  transgenic  primates 
producing  bacterial  [3-galactosidase  within  the  brain.  The 
PIL  acts  as  an  artificial  virus  carrying  exogenous  genes 
across  the  biological  barriers  in  brain  (Figure  1).  The  com¬ 
ponent  of  the  PIL  that  is  potentially  immunogenic  is  the 
targeting  antibody.  However,  the  immunogenicity  of  the 
antibody  can  be  reduced  or  eliminated  with  genetic  engi¬ 
neering  and  the  production  of  "humanized"  monoclonal 
antibodies.  The  chimeric  form  of  the  murine  83-14 
HIRMAb  has  been  produced,  and  has  equal  affinity  for  the 
HIR  as  the  original  murine  antibody  [19].  Therefore,  the 
technology  is  now  available  to  deliver  therapeutic  genes 
to  the  human  brain  with  an  intravenous  administration 
without  the  use  of  viral  vectors.  The  plasmid  DNA  is 
episomally  expressed  in  cells  and  must  be  given  on  repeat 
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occasions  depending  on  the  persistence  of  the  transgene. 
In  rats,  the  gene  expression  in  brain  decreases  approxi¬ 
mately  50%  at  6  days  following  a  single  intravenous  ad¬ 
ministration  of  a  PIL  encapsulated  plasmid  expressing 
either  |3-galactosidase  [7]  or  tyrosine  hydroxylase  [20].  In 
mice  with  intra-cranial  experimental  brain  cancer,  thera¬ 
peutic  results  were  achieved  with  intravenous  administra¬ 
tions  of  the  gene  medicine  given  once  per  week  [10].  In 
rats  with  experimental  Parkinson's  disease,  striatal  ty¬ 
rosine  hydroxylase  is  normalized  at  3-6  days  following 
the  single  intravenous  injection  of  the  gene,  whereas  gene 
expression  is  minimal  at  9  days  after  administration  [20] . 
Therefore,  the  persistence  of  the  plasmid  expression  in 
vivo  in  the  brain  is  sufficient  to  allow  for  the  intended 
pharmacological  response,  which  is  reversible  owing  to 
the  episomal  nature  of  plasmid  gene  expression  [21],  The 
persistence  of  plasmid  gene  expression  is  enhanced  with 
the  administration  of  either  linearized  mini-genes  [21]  or 
genomic  DNA  [22] .  Therefore,  it  is  possible  to  prolong  the 
duration  of  gene  expression  derived  from  non-viral,  plas¬ 
mid-based  gene  therapy. 

Experimental  Procedures 

Materials.  POPC  (l-palmitoyl-2-oleoyl-src-glycerol-3-phosphocholine) 
and  DDAB  (didodecyldimethylammonium  bromide)  were  purchased  from 
Avanti-Polar  Lipids  Inc.  (Alabaster,  AL).  Distearoylphosphatidylethanol- 
amine  (DSPE)-PEG  2000  was  obtained  from  Shearwater  Polymers  (Hunts¬ 
ville,  AL).  DSPE-PEG  2000-maleimide  was  custom  synthesized  by  Shear¬ 
water  Polymers.  [a-32P]dCTP  (3000  Ci/mmol)  was  from  NEN  Life  Science 
Product  Inc.  (Boston,  MA).  The  nick  translation  system  was  from  Life 
Technologies  Inc.  (Rockville,  MA).  5-Bromo-4-chloro-3-indoyl-(3-D-galac- 
toside  (X-gal),  IGEPAL  CA-630  and  all  other  chemicals  were  purchased 
from  Sigma  Chemical  Co.  (St.  Louis,  MO).  The  luciferase  reagent  and 
recombinant  luciferase  were  obtained  from  Promega;  2-iminothiolane 
(Traut's  reagent)  and  bicinchoninic  acid  (BCA)  protein  assay  reagents  were 
obtained  from  Pierce  Chemical  Co.  (Rockford,  IL).  The  83-14  murine  MAb 
to  the  HIR,  and  the  0X26  murine  MAb  to  the  rat  TfR  were  purified  by 
protein  G  affinity  chromatography  from  serum-free  hybridoma-condi- 
tioned  media  as  described  previously  [12].  The  luciferase  expression  plas¬ 
mid  is  designated  clone  790  and  is  derived  from  the  pCEP4  plasmid  under 
the  control  of  the  SV40  promoter  as  described  previously  [17].  The  pSV- 
(3-galactosidase  expression  plasmid  driven  by  the  SV40  promoter  is  desig¬ 
nated  clone  756  as  described  previously  [2,6],  and  was  purchased  from 
Promega  (Madison,  WI). 

Pegylated  immunoliposome  synthesis.  Pegylated  immunoliposomes 
(PILs)  were  synthesized  with  a  total  of  20  p,mol  of  lipids,  including  18.8 
fxmol  of  POPC,  0.4  pmol  of  DDAB,  0.6  pmol  of  DSPE-PEG,  and  0.2  pmol 
of  DSPE-PEG-maleimide,  as  described  previously  [6,7].  The  PIL  lipid  con¬ 
tains  2%  cationic  lipid  (DDAB)  and  8%  anionic  lipid  (DSPE-PEG),  and  has 
a  net  anionic  charge  [7].  Clone  756  plasmid  DNA  or  clone  790  plasmid 
DNA  was  produced  by  Maxiprep  (Qiagen,  Chatsworth,  CA).  The  super- 
coiled  plasmid  DNA  (200  jxg)  and  1  p,Ci  of  32P-nick  translated  plasmid 
DNA  were  encapsulated  in  the  pegylated  liposomes  by  serial  extrusion 
resulting  in  liposomes  of  85  nm  diameter  [2].  The  exteriorized  DNA  was 
removed  by  nuclease  digestion  [23],  as  described  previously  [2].  The  83-14 
HIRMAb  or  0X26  TfRMAb,  containing  a  trace  amount  of  3H-labeled 
antibody,  was  individually  thiolated  with  Traut's  reagent  and  the  thiolated 
MAb  was  conjugated  to  the  pegylated  liposome  overnight  at  room  tem¬ 
perature  as  described  previously  [6,12].  The  unconjugated  MAb,  and  the 
degraded  exteriorized  DNA  were  separated  from  the  DNA  encapsulated 
within  the  PIL  by  elution  through  a  1.6  x  18  cm  column  of  Sepharose 


CL-4B  in  0.05  M  Hepes,  pH  =  7.0,  as  described  previously  [6,12].  The 
average  number  of  MAb  molecules  conjugated  per  liposome  was  43  ±  2 
(mean  ±  SE,  n  =  3  syntheses).  The  final  percentage  entrapment  of  200  p,g 
of  plasmid  DNA  in  the  liposome  preparation  was  computed  from  the  32P 
radioactivity  and  was  35  ±  7.5%  (mean  ±  SE,  n  =  3  synthesis).  The  PIL 
conjugated  with  the  HIRMAb  is  designated  HIRMAb-PIL  and  the  PIL  con¬ 
jugated  with  the  TfRMAb  is  designated  TfRMAb-PIL.  Clone  790  DNA  was 
encapsulated  in  either  HIRMAb-PIL  or  OX26-PIL  for  injection  into  pri¬ 
mates  or  rats,  respectively.  Clone  756  was  encapsulated  in  HIRMAb-PIL  for 
primate  injection.  The  HIRMAb-PIL  carrying  either  the  clone  756  or  clone 
790  plasmid  DNA  was  sterilized  before  injection  into  the  primate  with  a 
0.22  |xm  filter  (Millipore  Co.,  Bedford,  MA)  as  described  previously  [12]. 

In  vivo  gene  administration.  A  10  year-old  6  kg  female  Rhesus  monkey 
was  purchased  from  Covance  (Alice,  TX).  The  animal  was  anesthetized 
with  10  mg/kg  ketamine  intra-muscular,  and  5  ml  of  sterile  HIRMAb-PIL 
containing  70  pg  of  each  of  clone  756  and  clone  790  plasmid  DNA  was 
injected  into  the  monkey  via  the  saphenous  vein  with  a  18-g  catheter.  The 
total  dose  of  HIRMAb  that  was  conjugated  to  the  PIL  and  administered  to 
the  primate  was  1.8  mg.  Adult  male  Spraque-Dawley  rats  weighing  250g 
were  injected  via  the  femoral  vein  with  OX26-PIL  carrying  clone  790 
plasmid  DNA  at  a  dose  of  5  |xg  of  PIL-encapsulated  plasmid  DNA  per  rat. 
The  dose  of  PIL  encapsulated  plasmid  DNA  was  12  and  20  pg/kg,  respec¬ 
tively,  for  the  primate  and  rat.  Both  species  were  sacrificed  at  48  hours 
post-injection.  The  brain  and  peripheral  organs  [liver,  spleen,  heart,  skel¬ 
etal  muscle  (biceps),  and  omental  fat]  were  removed  immediately  after 
euthanasia.  The  primate  brain  weighing  approximately  lOOg  was  divided 
into  4  coronal  sections,  and  each  section  was  divided  into  the  left  and 
right  hemispheres.  The  brain  slabs  and  peripheral  organs  were  frozen  in 
powdered  dry  ice  for  30  min,  embedded  in  OCT  and  re-frozen  for  cryostat 
sectioning. 

p-galactosidase  histochemistry.  Frozen  sections  of  20-pm  thickness  were 
cut  on  a  Mikron  cryostat  and  fixed  with  0.2%  glutaraldehyde  in  0.1  M 
NaH2P04(pH  =  7.0)  for  1  hour.  Because  an  entire  coronal  section  of  the 
primate  brain  was  too  large  to  section  on  the  cryostat,  each  coronal  slab 
was  sectioned  as  coronal  hemisphere  slices.  The  sections  were  washed  with 
0.1  M  NaH2P04(pH  =  7.0)  three  times,  and  incubated  overnight  at  37  C 
in  X-gal  staining  solution  (20  mM  potassium-ferrocyanide,  20  mM  potas- 
sium-ferricyanide,  2  mM  MgCl2,  0.02%  IGEPAL  CA-630,  0.01%  Na  deoxy- 
cholate,  and  1  mg/ml  of  X-gal  in  0.1  M  NaH2P04)  at  pH  =  7.3.  Prior  to 
coverslipping,  the  sections  were  scanned  with  a  UMAX  PowerLooklll 
scanner  with  transparency  adapter,  and  the  image  was  cropped  in  Adobe 
Photoshop  5.5  on  a  G4  Power  Macintosh  computer.  Sections  were  not 
counter-stained.  Control  or  un-in jected  rhesus  monkey  brain  was  stained 
in  parallel  with  the  brain  obtained  from  the  gene-injected  animal.  The 
control  rhesus  monkey  brain  was  frozen  as  coronal  slabs  in  Tissue  Tek  OCT 
embedding  medium  immediately  after  euthanasia  by  Sierra  Biomedical/ 
Charles  River  (Sparks,  NV). 

Luciferase  measurements.  Primate  tissue  samples  were  taken  from  the 
frontal  and  occipital  poles  of  the  cerebrum,  as  well  as  from  cerebellum, 
liver,  lung,  heart,  kidney,  spleen,  and  skeletal  muscle  (biceps).  The  tissues 
were  homogenized  in  4  volumes  of  lysis  buffer  for  measurements  of  organ 
luciferase  activity,  as  described  previously  [12].  Luciferase  activity  in  rat 
brain,  liver,  lung,  heart,  kidney  and  spleen  were  measured  in  the  same 
way.  The  data  are  reported  as  pg  luciferase  activity  per  mg  cell  protein. 
Based  on  the  standard  curve,  1  pg  of  luciferase  was  equivalent  to  14,312  ± 
2,679  relative  light  units  (RLU),  which  is  the  mean  ±  S.E.  of  5  assays  [11]. 
No  luciferase  enzyme  activity  was  detectabel  in  brain  from  the  control, 
uninjected  monkey. 

Confocal  microscopy.  Frozen  sections  were  fixed  for  20  min  in  2%  para¬ 
formaldehyde  in  0.1  M  Na2HP04,  pH  =  7.4  at  4C.  The  slides  were  blocked 
in  0.01  M  PBS  buffer  with  0.1%  Triton  X,  and  10%  goat  serum.  Primary 
antibodies  were  mouse  anti-neuronal  nuclei  (neuN)  monoclonal  antibody 
(Chemicon  Int.,  Temecula,  CA),  rabbit  anti  E.coli  0-galactosidase  poly¬ 
clonal  antibody  (Biodesign  Int.,  Saco,  ME),  mouse  IgGl  isotype  control, 
and  rabbit  IgG  control  at  a  concentration  of  6.7  pg/ml  in  PBS,  pH  =  7.4, 
0.1%  Triton  X-100,  and  3%  bovine  serum  albumin.  Secondary  antibodies 
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used  were  488-goat  anti-mouse  IgG  (fluorescein  channel)  and  594-goat 
anti-rabbit  IgG  (rhodamine  channel)  (Molecular  Probes,  Eugene,  OR)  at  a 
concentration  of  6.7  pig/ml  in  PBS,  pH  =  7.4,  0.1%  Triton  X-100,  and  1% 
goat  serum.  Confocal  imaging  was  performed  with  a  Zeiss  LSM  5  PASCAL 
confocal  microscope  with  dual  argon  and  helium/neon  lasers  equipped 
with  Zeiss  LSM  software  for  image  reconstruction.  All  sections  were 
scanned  in  multitrack  mode  to  avoid  overlap  of  the  fluorescein  and  rho¬ 
damine  channels. 
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Purpose.  Plasmid  DNA-based  gene  therapy  involves  episomal  gene 
expression  and  must  be  given  on  a  chronic  basis.  Therefore,  the  pur¬ 
pose  of  the  present  study  was  to  examine  for  toxic  side  effects  of  the 
chronic  weekly  intravenous  administration  of  plasmid  DNA  deliv¬ 
ered  with  a  nonviral  gene  transfer  method  using  pegylated  immuno¬ 
liposomes  (PIL). 

Methods.  A  7-kb  expression  plasmid  encoding  for  rat  tyrosine  hy¬ 
droxylase  (TH)  was  encapsulated  in  PILs  targeted  with  either  the 
murine  0X26  monoclonal  antibody  (MAb)  to  the  rat  transferrin  re¬ 
ceptor  (TfR)  or  with  the  mouse  IgG2a  isotype  control  antibody.  Rats 
were  treated  with  weekly  intravenous  injections  of  5  p,g/rat/week  of 
the  TH  expression  plasmid  DNA  encapsulated  in  either  the 
TfRMAb-targeted  PIL  or  the  mouse  IgG2a-targeted  PIL  for  a  total 
period  of  6  weeks.  A  third  control  group  of  rats  was  treated  with 
saline. 

Results.  The  animals  treated  with  either  saline,  the  TfRMAb-PIL,  or 
the  mouse  IgG2a-PIL  had  no  measurable  differences  with  respect  to 
body  weights,  14  serum  chemistries,  or  organ  histology  of  brain,  liver, 
spleen,  kidney,  heart,  or  lung.  Immunocytochemistry  showed  no  evi¬ 
dence  of  inflammation  in  brain.  The  delivery  to  brain  of  the  TH 
expression  plasmid  was  confirmed  with  Southern  blotting. 
Conclusions.  The  PIL  nonviral  gene  transfer  method  causes  no  toxic 
side  effects  following  chronic  weekly  intravenous  administration  in 
rats. 

KEY  WORDS:  gene  therapy:  brain;  liposomes;  nonviral  gene  trans¬ 
fer;  inflammation. 

INTRODUCTION 

An  important  issue  with  either  viral  or  nonviral  gene 
delivery  systems  is  organ  toxicity  associated  with  the  delivery 
vector  (1).  In  the  case  of  either  adenovirus  or  Herpes  simplex 
virus,  the  preexisting  immunity  to  these  viruses  causes  an 
inflammatory  reaction  (2,3).  A  single  injection  of  either  ad¬ 
enovirus  or  Herpes  simplex  virus  into  the  brain  causes  inflam¬ 
mation  leading  to  demyelination  (4,5).  More  than  90%  of  the 
human  population  has  a  preexisting  immunity  to  adeno- 
associated  virus  (6).  Therefore,  there  is  a  need  to  establish 
nonviral  gene  transfer  technology  with  minimal  toxicity.  The 
principal  forms  of  nonviral  gene  transfer  include  the  use  of 
complexes  of  DNA/cationic  polymers  or  the  hydrodynamic 
injection  method.  Cationic  polyplexes  have  a  relatively  nar¬ 
row  therapeutic  index.  A  nitrogen/phosphate  (N/P)  ratio  of 
6-10  is  necessary  for  gene  expression  in  the  lung  following  the 
intravenous  injection  of  the  cationic  polymer/plasmid  DNA 
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complexes,  whereas  an  N/P  ratio  >20  is  lethal  (7).  The  hydro- 
dynamic  method  involves  the  rapid  intravenous  injection  of  a 
volume  of  saline  greater  than  the  existing  blood  volume  of  the 
animal.  This  results  in  transitory  right  heart  failure  and  he¬ 
patic  congestion  causing  a  selective  expression  of  plasmid 
DNA  in  the  liver  (8).  This  gene  delivery  method  results  in  an 
increase  in  liver  enzymes,  and  the  mortality  with  this  method 
can  be  as  high  as  40%  depending  on  the  salt  solution  injected 
(8). 

An  alternative  form  of  nonviral  gene  transfer  involves 
the  use  of  pegylated  immunoliposomes  (PIL).  In  this  formu¬ 
lation,  the  nonviral  plasmid  DNA  is  encapsulated  in  the  in¬ 
terior  of  an  85-nm  liposome  that  has  a  net  anionic  charge  (9). 
The  surface  of  the  liposome  is  pegylated  with  several  thou¬ 
sand  strands  of  2000-Da  polyethyleneglycol  (PEG).  The  pe¬ 
gylated  liposome  is  then  targeted  to  distant  sites  by  conjugat¬ 
ing  a  transporting  ligand  to  the  tips  of  1-2%  of  the  PEG 
strands.  Peptidomimetic  monoclonal  antibodies  (MAb)  to  ei¬ 
ther  the  transferrin  receptor  (TfR)  or  the  insulin  receptor 
(IR)  have  been  used  to  target  PILs  carrying  expression  plas¬ 
mids  to  distant  sites  following  intravenous  injection  (9,10). 
The  PILs  do  not  aggregate  in  saline  and  have  prolonged 
blood  residence  times  (11).  PILs  have  been  administered  in¬ 
travenously  to  mice  on  a  weekly  basis  for  the  treatment  of 
brain  cancer  (12),  and  PILs  have  been  given  to  rats  for  the 
treatment  of  experimental  Parkinson’s  disease  (13).  PILs  tar¬ 
geted  with  the  TfRMAb  have  been  used  to  deliver  nonviral 
plasmid  DNA  to  brain.  Because  of  the  expression  of  the  TfR 
on  both  the  blood-brain  barrier  (BBB)  and  the  neuronal 
plasma  membrane,  the  TfRMAb-targeted  PIL  delivers  the 
plasmid  DNA  to  brain  as  well  as  other  organs  rich  in  TfR, 
such  as  liver  and  spleen  (9,14).  However,  to  date,  there  has 
been  no  evaluation  of  the  potential  toxicity  of  repeat  intra¬ 
venous  administration  of  PILs. 

The  purpose  of  the  present  study  was  to  examine  the 
potential  toxicity  of  repeat  weekly  intravenous  administration 
of  PIL-encapsulated  plasmid  DNA  that  was  targeted  to  tis¬ 
sues  in  the  rat  with  either  the  murine  0X26  MAb  to  the  rat 
TfR,  or  PILs  targeted  with  the  corresponding  mouse  IgG2a 
isotype  control  antibody.  The  plasmid  DNA  used  in  the  pres¬ 
ent  studies  is  the  clone  877  DNA,  which  encodes  for  rat  ty¬ 
rosine  hydroxylase  (TH),  as  described  previously  (13).  The 
delivery  of  the  TH  expression  plasmid  to  brain  with  the 
TfRMAb-targeted  PIL  results  in  a  normalization  of  striatal 
TH  enzyme  activity  in  brain  of  rats  lesioned  with  a  neurotoxin 
(13).  For  the  present  toxicity  study,  the  TH  expression  plas¬ 
mid  DNA  was  encapsulated  in  either  the  TfRMAb-PIL  or  the 
mIgG2a-targeted  PIL  and  was  injected  weekly  for  6  weeks  at 
a  dose  of  5  pg/'rat  of  PIL-encapsulated  plasmid  DNA.  Body 
weights  of  the  animals  were  determined  during  the  treatment 
period,  and  at  the  end  of  the  6-week  treatment,  blood  was 
obtained  for  measurement  of  14  parameters  of  serum  chem¬ 
istry  reflecting  liver  and  renal  function.  Major  organs  were 
removed  at  the  end  of  the  treatment  period  for  pathologic 
analysis.  In  addition,  brain  was  examined  in  detail  with  im¬ 
munocytochemistry  using  antibodies  to  multiple  antigens  that 
reflect  underlying  tissue  inflammation.  Immunocytochemistry 
of  brain  was  performed  with  the  mouse  OX1  MAb  to  rat 
leukocytes,  the  mouse  OX2  MAb  to  the  rat  class  II  multiple 
histocompatibility  complex  (MHC)  antigen,  the  mouse  OX18 
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MAb  to  the  rat  class  I  MHC  antigen,  the  mouse  0X35  MAh 
to  the  rat  lymphocyte  CD4  receptor,  and  the  mouse  0X42 
MAb  to  the  rat  macrophage.  Finally,  the  present  studies  used 
Southern  blotting  to  confirm  distribution  of  the  TH  expres¬ 
sion  plasmid  in  brain  following  targeting  with  the  TfRMAb- 
PIL. 

METHODS 

Materials 

l-Palmitoyl-2-oleoyl-s«-glycerol-3-phosphocholine 
(POPC)  and  didodecyldimethylammonium  bromide 
(DDAB)  were  purchased  from  Avanti-Polar  Lipids  Inc.  (Ala¬ 
baster,  AL).  Distearoylphosphatidylethanolamine  (DSPE)- 
PEG2000  was  obtained  from  Shearwater  Polymers  (Hunts¬ 
ville,  AL),  where  PEG2000  is  polyethylene  glycol  (PEG)  of 
2000  Daltons.  DSPE-PEG2000-maleimide  was  custom- 
synthesized  by  Shearwater  Polymers.  The  LiposoF AST-Basic 
extruder  and  polycarbonate  filters  were  from  Avestin  (Ot¬ 
tawa,  Canada).  [a-32P]dCTP  (3000  Ci/mmol)  was  from  NEN 
Life  Science  Products  Inc.  (Boston,  MA).  /V-Succinimidyl[2,3- 
3H]propionate  ([3H]NSP,  101  Ci/mmol),  Sepharose  CL-4B, 
and  Protein  G-Sepharose  CL-4B  were  from  Amersham  Phar¬ 
macia  Biotech  (Arlington  Heights,  IL).  The  nick  translation 
system  was  purchased  from  Invitrogen  Life  Technologies 
(Carlsbad,  CA).  Exonuclease  III  was  purchased  from  Pro- 
mega  (Madison,  WI);  2-iminothiolane  (Traut’s  reagent)  was 
obtained  from  Pierce  Chemical  Co.  (Rockford,  IL).  Mouse 
myeloma  ascites  containing  IgG2a  (k)  (mIgG2a),  pancreatic 
DNase  I  with  a  specific  activity  of  2000  Kunitz  units/mg,  horse 
serum,  mouse  IgGl  isotype,  mouse  anti-glia  fibrillary  acidic 
protein  (GFAP)  monoclonal  antibody  (MAb),  and  glycerol- 
gelatin  were  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  The 
antitransferrin  receptor  monoclonal  antibody  (TfRMAb) 
used  in  these  studies  is  the  murine  0X26  MAb  to  the  rat  TfR, 
which  is  a  mouse  IgG2a.  TfRMAb  and  mIgG2a  were  indi¬ 
vidually  purified  by  protein  G  affinity  chromatography  from 
hybridoma-generated  ascites.  The  biotinylated  horse  anti¬ 
mouse  IgG,  Vectastain  ABC  kit,  and  3-amino-9- 
ethylcarbazole  (AEC)  substrate  kit  were  purchased  from 
Vector  Laboratories  (Burlingame,  CA).  Mouse  antirat  class  I 
multiple  histocompatibility  complex  (MHC)  monoclonal  an¬ 
tibody  (OX18),  mouse  antirat  leukocyte  CD45  (OX-1), 
mouse  antirat  lymphocyte  CD4  (OX-35),  mouse  antirat  class 
II  MHC  (OX-6),  and  mouse  antirat  macrophage  CDllb 
(0X42)  were  purchased  from  Serotec  (Raleigh,  NC).  Optimal 
cutting  temperature  (O.C.T.)  compound  (Tissue-Tek)  was 
purchased  from  Sakura  FineTek  (Torrance,  CA).  Adult  male 
Sprague-Dawley  rats  (weighing  from  180-220  g)  were  ob¬ 
tained  from  Harlan  Breeders  (Indianapolis,  IN). 

Plasmid  DNA  Preparation  and  Radiolabeling 

The  tyrosine  hydroxylase  expression  plasmid,  driven  by 
the  SV40  promotor  and  designated  clone  877,  was  con¬ 
structed  as  described  previously  (13).  Clone  877  plasmid 
DNA  was  purified  from  E.  coli  with  the  Plasmid  Maxi  Kit  and 
desalted  per  the  manufacturer’s  instructions  (Qiagen,  Chats- 
worth,  CA).  The  size  of  the  DNA  was  confirmed  by  0.8% 
agarose  gel  electrophoresis.  DNA  was  labeled  with 
[32P]dCTP  using  nick  translation.  The  specific  activity  of 


[32P]DNA  was  15-20  pCi/pg.  The  trichloroacetic  acid  precipi- 
tability  was  99%. 

PEGylated  Liposome  Synthesis  and  Plasmid  Encapsulation 

POPC  (18.8  ixmol),  DDAB  (0.6  pmol),  DSPE-PEG2000 
(0.6  p,mol),  and  DSPE-PEG2000-maleimide  (0.2  p,mol)  were 
dissolved  in  chloroform,  followed  by  evaporation,  as  de¬ 
scribed  previously  (14).  The  lipids  were  dispersed  in  0.2  ml  of 
0.05  M  Tris-HCl  buffer  (pH  7.0)  and  vortexed  for  1  min, 
followed  by  2  min  of  bath  sonication.  Supercoiled  DNA  (200 
|xg)  and  1  p,Ci  of  [32P]DNA  were  added  to  the  lipids.  The 
dispersion  was  frozen  in  ethanol/dry  ice  for  5  min  and  thawed 
at  room  temperature  for  25  min,  and  this  freeze-thaw  cycle 
was  repeated  five  times  to  produce  large  vesicles  with  the 
DNA  loosely  entrapped  inside.  The  large  vesicles  were  con¬ 
verted  into  small  (85-nm-diameter)  liposomes  by  extrusion. 
The  liposome  dispersion  was  diluted  to  a  lipid  concentration 
of  40  mM,  followed  by  extrusion  five  times  each  through  two 
stacks  each  of  200-  and  100-nm  pore  size  polycarbonate  mem¬ 
branes  with  a  hand-held  LiposoFAST-Basic  extruder  as  de¬ 
scribed  previously  (11).  The  mean  vesicle  diameters  were  de¬ 
termined  by  quasielastic  light  scattering  using  a  Microtrac 
Ultrafine  Particle  Analyzer  (Leeds-Northrup,  St.  Petersburg, 
FL)  as  described  previously  (11). 

The  plasmid  adsorbed  to  the  exterior  of  the  liposomes 
was  removed  by  nuclease  digestion,  and  6  U  of  pancreatic 
endonuclease  I  and  33  U  of  exonuclease  III  were  added  in  5 
mM  MgCl2  to  the  liposome/DNA  mixture  after  extrusion. 
After  incubation  at  37°C  for  1  h,  the  reaction  was  stopped  by 
adding  20  mM  EDTA.  The  nuclease  digestion  removed  any 
exteriorized  plasmid  DNA,  as  demonstrated  by  agarose  gel 
electrophoresis  and  ethidium  bromide  staining  of  aliquots 
taken  before  and  after  nuclease  treatment,  as  described  pre¬ 
viously  (11).  The  formulation  before  antibody  conjugation  is 
designated  a  pegylated  liposome  (PL),  and  the  formulation 
after  antibody  conjugation  is  called  a  pegylated  immunolipo- 
some  (PIL). 

MAb  Conjugation  to  the  PEGylated  Liposome 
Encapsulated  with  DNA 

TfRMAb  or  mIgG2a  was  thiolated  and  individually  con¬ 
jugated  to  the  maleimide  moiety  of  the  PEGylated  liposome 
to  produce  the  PIL  with  the  desired  receptor  specificity.  PIL 
conjugated  with  the  0X26  MAb  is  designated  TfRMAb-PIL, 
and  PIL  conjugated  with  the  mIgG2a  isotype  control  is  des¬ 
ignated  mIgG2a-PIL.  Either  MAb  or  mIgG2a  was  radiola¬ 
beled  with  [3H]NSP  as  described  previously  (15).  [3H]MAb 
had  a  specific  activity  of  >0.11  p,Ci/pg  and  a  TCA  precipita- 
bility  of  >97%.  The  MAb  (3.0  mg,  20  nmol)  was  thiolated  with 
40:1  molar  excess  of  2-iminothiolane  (Traut’s  reagent),  as  de¬ 
scribed  previously  (15).  The  thiolated  MAb,  which  contained 
a  trace  amount  of  3H-labeled  MAb,  was  conjugated  overnight 
to  the  PEGylated  liposome  with  encapsulated  plasmid  DNA 
containing  a  trace  amount  of  [32P]DNA.  The  unconjugated 
MAb  and  the  oligonucleotides  produced  by  nuclease  treat¬ 
ment  were  separated  from  the  PIL  by  Sepharose  CL-4B  col¬ 
umn  chromatography  as  described  previously  (11).  The  num¬ 
ber  of  MAb  molecules  conjugated  per  liposome  was  calcu¬ 
lated  from  the  total  3H-labeled  MAb  radioactivity  in  the 
liposome  pool  and  the  specific  activity  of  the  labeled  MAb, 
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assuming  100,000  lipid  molecules  per  liposome,  as  described 
previously  (15).  The  average  number  of  MAb  molecules  con¬ 
jugated  per  liposome  was  57  ±  12  (mean  ±  SD,  n  =  4  syn¬ 
theses).  The  final  percentage  entrapment  of  200  pg  of  plasmid 
DNA  in  the  liposome  preparation  was  computed  from  the  32P 
radioactivity  and  was  30  ±  2%  (mean  ±  SD,  n  =  4  syntheses), 
or  60  pg  of  plasmid  DNA. 

Chronic  Intravenous  Administration  of 
PIL-Encapsulated  DNA 

Adult  male  Sprague-Dawley  rats  weighing  200-220  g 
were  anesthetized  with  ketamine  (50  mg/kg)  and  xylazine  (4 
mg/kg)  intraperitoneally.  Animals  were  divided  into  three 
groups.  PIL  or  saline  was  injected  i.v.  via  femoral  vein  with  a 
30-g  needle.  The  first  group  was  injected  with  TfRMAb-PIL 
carrying  clone  877  plasmid  DNA  at  a  dose  of  5  pg  per  rat.  The 
second  group  was  injected  with  mIgG2a-PIL  carrying  clone 
877  plasmid  DNA  at  a  dose  of  5  pg  per  rat.  The  third  group 
was  injected  with  saline.  The  average  intravenous  injection 
volume  for  all  treatments  was  300  pL.  These  intravenous 
treatments  were  given  once  a  week  for  6  consecutive  weeks. 
Each  week  before  injection,  the  body  weight  for  each  rat  was 
measured.  At  3  days  following  the  sixth  injection,  the  rats 
were  anesthetized,  and  blood  was  collected  from  the  vena 
cava.  Serum  was  stored  at  -20°C  for  serum  chemistry  mea¬ 
surements  by  autoanalyzer  in  the  UCLA  Medical  Center 
Clinical  Laboratory.  The  rats  were  then  sacrificed,  and  organs 
were  removed  for  immunocytochemistry. 

Iminunocytochemistry 

Immunocytochemistry  was  performed  by  the  avidin- 
biotin  complex  (ABC)  immunoperoxidase  method  (Vector 
Laboratories).  Brains  were  removed  immediately  after  sacri¬ 
fice,  and  cut  into  three  sagittal  slabs.  One  slab  was  immersion 
fixed  in  cold  4%  paraformaldehyde  in  0.01  M  phosphate- 
buffered  saline  (PBS)  for  24  h  at  4°C.  The  second  slab  was 
fixed  in  cold  100%  methanol  for  24  h  at  -20°C.  These  slabs 
were  cryoprotected  in  20%  sucrose  in  0.1  M  phosphate- 
buffered  water,  pH  7.4  (PBW),  for  24  h  at  4°C,  and  30% 
sucrose  in  PBW  for  24  h  at  4°C.  Brains  were  embedded  in 
O.C.T.  medium  and  frozen  in  dry  ice  powder.  Frozen  sections 
(20  pm)  of  rat  brain  were  cut  on  a  Mikron  HM505E  cryostat. 
Endogenous  peroxidase  was  blocked  with  0.3%  H202  in  0.3% 
horse  serum-phosphate -buffered  saline  (PBS)  for  30  min. 
Nonspecific  binding  of  proteins  was  blocked  with  10%  horse 
serum  in  PBS  for  30  min.  Sections  were  then  incubated  in 
primary  antibodies  overnight  at  4°C.  Based  on  either  results 
provided  by  the  manufacturer  or  on  pilot  studies,  the  fixative 
(methanol  or  paraformaldehyde)  was  chosen  to  preserve  the 
target  antigenicity  in  the  fixed  tissue.  For  methanol-fixed 
brain  sections,  OX1  (5  pg/ml),  OX18  (5  pg/ml),  or  0X35  (5 
pg/ml)  was  used  as  the  primary  antibody;  for  paraformalde¬ 
hyde-fixed  brain  sections,  OX6  (5  pg/ml),  0X42  (5  pg/ml),  or 
mouse  anti-GFAP  MAb  (1  pg/ml)  was  used  as  the  primary 
antibody.  Identical  concentrations  of  isotype  control  antibody 
were  also  used  as  primary  antibody.  Mouse  IgGl  was  used  as 
the  isotype  control  antibody  for  OX18,  OX1,  OX6,  and  GFAP, 
and  mouse  IgG2a  was  used  as  the  isotype  control  antibody  for 
0X35  and  0X42.  After  incubation  and  wash  in  PBS,  sections 
were  incubated  in  biotinylated  horse  antimouse  IgG  for  30 


min.  After  development  in  AEC,  sections  were  mounted  with 
glycerol-gelatin  and  examined  by  light  microscopy. 

Hematoxylin  and  Eosin  Staining  of  Rat  Organs 

The  third  sagittal  slab  of  brain,  as  well  as  liver,  spleen, 
kidney,  heart,  and  lung  of  each  rat  were  removed  and  immer¬ 
sion  fixed  in  10%  formalin  in  0.1  M  phosphate  buffer  for  48  h 
at  4°C.  The  fixed  organs  were  embedded  in  paraffin  and 
stained  with  hematoxylin  and  eosin  and  examined  by  light 
microscopy. 

Southern  Blotting 

Plasmid  DNA  was  isolated  with  the  Hirt  procedure  (16) 
from  rat  brain  3  days  following  the  intravenous  injection  of 
saline,  clone  877  encapsulated  in  TfRMAb-PIL,  or  clone  877 
encapsulated  in  mIgG2a-PIL.  Rat  brain  (100  mg)  was  homog¬ 
enized  in  2  ml  lysis  buffer  (20  mM  Tris  pH  7.5, 10  mM  EDTA, 
1%  SDS)  containing  15  pg/ml  DNase-free  RNase  A  using  a 
Polytron  PT-MR  3000  homogenizer  (Littau,  Switzerland)  at 
full  speed  for  10  s  Samples  were  incubated  for  30  min  at  37°C. 
Proteinase  K  was  added  to  a  final  concentration  of  1  mg/ml 
and  samples  incubated  for  2  h  at  37°C.  Nuclear  DNA  was 
precipitated  overnight  at  4°C  in  the  presence  of  1.1  M  NaCl. 
Samples  were  centrifuged  at  14,000  rpm  and  4°C  for  30  min. 
Supernatants  were  extracted  with  phenokchloroform,  and 
plasmid  DNA  precipitated  with  ethanol  in  the  presence  of  10 
pg  glycogen  carrier.  Aliquots  of  precipitated  material  were 
resolved  by  gel  electrophoresis  in  0.8%  agarose  and  blotted 
onto  a  GeneScreen  Plus  membrane  (14).  To  prevent  hybrid¬ 
ization  with  the  endogenous  rat  TH  genomic  DNA,  mem¬ 
branes  were  hybridized  with  [32P]pGL2  clone  734  (17),  which 
contains  the  clone  877  backbone  but  without  the  rat  TH 
cDNA  insert  (13).  Southern  blot  hybridization  was  performed 
as  previously  reported  (14).  Autoradiograms  were  developed 
with  Kodak  X-Omat  Blue  film  and  intensifying  screens  for  24 
h  at  -70°C.  Films  were  scanned  with  a  Umax  PowerLook  III 
scanner,  and  images  imported  and  cropped  in  Adobe  Photo¬ 
shop  5.5  on  a  G4  Power  Macintosh. 

Statistical  Analysis 

Statistical  differences  at  the  p  <  0.05  level  among  differ¬ 
ent  groups  were  evaluated  by  analysis  of  variance  with  Bon- 
ferroni  correction. 

RESULTS 

The  animals  were  divided  into  three  groups  depending 
on  whether  the  rat  was  treated  with  weekly  intravenous  in¬ 
jections  of  (a)  saline,  (b)  the  TH  expression  plasmid  encap¬ 
sulated  in  mouse  IgG2a  targeted  PILs,  or  (c)  the  TH  expres¬ 
sion  plasmid  encapsulated  in  the  0X26  TfRMAb-targeted 
PILs.  The  body  weights  of  the  animals  in  the  three  treatment 
groups  are  shown  in  Fig.  1,  and  there  was  no  significant  dif¬ 
ference  between  the  body  weights  of  the  animals  in  the  three 
groups  throughout  the  treatment  period. 

The  results  of  the  chemistry  analysis  of  the  serum  taken 
3  days  after  the  sixth  weekly  injection  are  shown  in  Table  I. 
There  are  no  significant  differences  in  any  of  the  14  different 
serum  chemistries  for  any  of  the  three  treatment  groups 
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Fig.  1.  The  body  weight  of  each  rat  in  the  three  treatment  groups  was 
measured  weekly  during  the  course  of  treatment,  and  the  mean  ±  SE 
(n  =  6  rats  per  group)  is  shown.  The  OX26-PIL  is  the  TfRMAb- 
targeted  PIL,  and  the  mIgG2a-PIL  is  the  PIL  targeted  with  the  non¬ 
specific  mouse  IgG2a,  which  is  the  isotype  control  antibody  for  the 
0X26  MAb. 

(Table  I).  The  organ  histology  in  the  rats  sacrificed  3  days 
following  the  sixth  weekly  treatment  is  shown  in  Fig.  2  for 
brain  cerebellum  (Fig.  2A),  lung  (Fig.  2B),  spleen  (Fig.  2C), 
liver  (Fig.  2D),  heart  (Fig.  2E),  and  kidney  (Fig.  2F).  The 
histology  shown  in  Fig.  2  is  for  organs  removed  from  rats 
treated  with  the  TfRMAb-PIL.  The  organ  histology  of  these 
animals  was  normal  (Fig.  2)  and  was  no  different  from  the 
histology  of  organs  taken  from  animals  treated  with  either 
saline  or  the  mIgG2a-PIL. 

The  results  of  the  brain  immunocytochemistry  are  given 
in  Table  II.  No  OXl-immunoreactive  leukocytes  were  found 
in  brain  in  any  of  the  three  treatment  groups,  although  there 
was  immunopositive  choroidal  endothelium  staining  in  all 
groups  (Table  II).  There  was  an  occasional  0X6- 
immunore active  class  II  antigen-presenting  cell  in  the  menin- 
gial  surface  of  all  three  treatment  groups  with  no  evidence  of 
any  parenchymal  infiltration  of  class  II  immunopositive  cells 
in  any  of  the  treatment  groups  (Table  II).  0X18  immunore- 


Table  I.  Summary  of  Serum  Chemistry 


Assay 

Units 

Saline 

mIgG2a-PIL 

OX26-PIL 

Sodium 

mM 

143  ±  1 

142  ±  1 

140  ±1 

Potassium 

mM 

4.4  ±0.1 

4.6  ±0.1 

4.6  ±  0.2 

Chloride 

mM 

100  ±1 

100  ±  1 

100  ±1 

co2 

mM 

29  ±1 

29  ±  1 

27  ±1 

Glucose 

mg/dl 

168  ±8 

160  ±6 

163  ±4 

Creatinine 

mg/dl 

0.45  ±  0.03 

0.40  ±  0.01 

0.45  ±  0.02 

Urea  nitrogen 

mg/dl 

19  ±1 

21  ±2 

18  ±1 

Total  protein 

g/dl 

5.2  ±0.1 

5.3  ±0.1 

5.3  ±0.1 

Albumin 

g/dl 

1.4  ±0.1 

1.4  ±0.1 

1.4  ±0.1 

Bilirubin,  total 

mg/dl 

0.35  ±  0.03 

0.25  ±  0.05 

0.33  ±  0.02 

Aik  phos 

U/L 

231  ±  27 

212  ±  25 

281  ±  11 

AST  (SGOT) 

U/L 

65  ±5 

59  ±2 

74  ±6 

ALT  (SGPT) 

U/L 

54  ±2 

52  ±3 

59  ±1 

Calcium 

mg/dl 

9.4  ±0.1 

9.5  ±  0.2 

9.2  ±0.1 

Data  are  mean  ±  SE  (n  =  6  rats  in  each  of  the  three  treatment 
groups). 


Fig.  2.  Hematoxylin  and  eosin  staining  of  formalin  fixed  cerebellum 
(A),  lung  (B),  spleen  (C),  liver  (D),  heart  (E),  and  kidney  (F),  re¬ 
moved  3  days  after  the  sixth  weekly  intravenous  injection  of  the  TH 
expression  plasmid  encapsulated  in  the  0X26  TfRMAb-targeted 
PIL.  The  magnification  is  the  same  in  all  panels,  and  the  magnifica¬ 
tion  bar  in  panel  A  is  37  p,m. 

activity  indicative  of  the  class  I  MHC  antigen  was  found  on 
capillary  endothelium  and  in  focal  subependymal  microglia, 
and  the  same  staining  pattern  was  found  in  all  three  treatment 
groups  (Table  II).  OX35-immunoreactive  CD4  lymphocytes 
were  rare  in  brain  with  the  same  pattern  in  all  three  treatment 
groups  (Table  II).  OX42-immunoreactive  microglia  were 
found  diffusely  in  the  parenchyma  throughout  the  cerebrum 
and  cerebellum,  with  an  identical  pattern  in  all  treatment 
groups  (Table  II).  Immunoreactive  GFAP  astrocytes  were 
found  diffusely  throughout  the  cerebrum  and  cerebellum, 
with  the  same  pattern  in  all  three  treatment  groups  (Table  II). 
There  was  no  immunoreactivity  in  brain  with  the  nonspecific 
mouse  IgGl  (mlgGl),  which  is  the  isotype  control  antibody 
for  the  0X1,  0X18,  0X6,  and  the  GFAP  antibodies  (Table 
II).  There  was  no  immunocytochemical  staining  of  brain  using 
the  nonspecific  mouse  IgG2a  (mIgG2a),  which  is  the  isotype 
control  antibody  for  the  0X35  and  0X42  antibodies  (Table 
II). 

The  delivery  of  the  TH  expression  plasmid  to  brain  was 
verified  with  Southern  blotting  as  shown  in  Fig.  3  (Lane  3). 
No  signal  was  detected  in  the  saline-treated  animals  (Lane  1, 
Fig.  3)  because  these  animals  were  not  administered  DNA. 
No  hybridization  signal  was  detected  in  the  brain  of  animals 
treated  with  the  expression  plasmid  encapsulated  in  the 
mIgG2a-PIL  (Lane  2,  Fig.  3)  because  this  isotype  control  an¬ 
tibody  was  unable  to  target  the  PIL  across  the  BBB  and  into 
brain  cells. 

DISCUSSION 

These  studies  show  that  the  repeat  weekly  intravenous 
administration  of  the  PIL-based  gene  therapy  in  rats  for  6 
weeks  causes  no  measurable  toxicity  in  brain  or  peripheral 
tissues.  In  addition,  these  studies  show  that  the  chronic 
weekly  intravenous  administration  of  a  TH  expression  plas¬ 
mid  encapsulated  in  TfRMAb-PILs  causes  no  inflammation 
within  the  target  organ,  the  central  nervous  system  (CNS). 
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Table  II.  Summary  of  Immunocytochemistry 


Antibody 

Parameter 

Fixative 

Findings 

0X1 

Leukocytes 

Methanol 

Positive  choroidal  endothelium 
Same  pattern  in  all  3  treatment 
groups 

0X6 

Class  II  MHC 

Para." 

Occasional  positive  cell  in 
meninges 

Same  pattern  in  all  3  treatment 
groups 

0X18 

Class  I  MHC 

Methanol 

Weak  staining  of  capillary 
endothelium 

Focal  subependymal  microglia 
Same  pattern  in  all  3  treatment 
groups 

0X35 

CD4-lymphocytes 

Methanol 

Minimal  staining  of  brain  and 
equal  to  mouse  IgG2a  control 
Same  pattern  in  all  3  treatment 
groups 

0X42 

Macrophages 

Para. 

Diffuse  immunoreactive  microglia 
throughout  cerebrum  and 
cerebellum 

Same  pattern  in  all  3  treatment 
groups 

GFAP 

Astrocytes 

Para. 

Diffuse  immunoreactive 
astrocytes  throughout 
cerebrum  and  cerebellum 

Same  pattern  in  all  3  treatment 
groups 

Mouse  IgGl 

Control 

Methanol 

Para. 

No  reaction  (control  for  0X1, 
0X18) 

No  reaction  (control  for  0X6, 
GFAP) 

Mouse  IgG2a 

Control 

Methanol, 

Para. 

No  reaction  (control  for  0X35) 
No  reaction  (control  for  0X42) 

Para.,  paraformaldehyde. 


There  is  no  general  systemic  toxicity  following  weekly 
PIL  administration  based  on  the  observation  that  the  body 
weights  of  the  animals  increase  over  the  6  week  treatment 
period  at  the  same  rate  for  all  3  treatment  groups  (Fig.  1).  The 
PIL  targets  the  plasmid  DNA  to  TfR-rich  organs  such  as  the 
brain,  liver,  or  spleen  (9,14).  The  serum  chemistries  show 
normal  hepatic  function  tests  and  an  absence  of  an  increase  in 
serum  bilirubin  or  liver  enzymes  (Table  I).  In  contrast,  the 
intravenous  injection  of  adenovirus  in  primates  results  in  in¬ 
creased  liver  enzymes  secondary  to  hepatic  inflammation 
caused  by  reaction  to  the  immunogenic  viral  vector  (18). 
There  is  no  change  in  serum  electrolytes  or  other  renal  func¬ 
tion  tests  (Table  I).  The  normal  serum  chemistry  is  paralleled 
by  the  normal  organ  histology  for  liver,  speen,  kidney,  heart, 
lung,  and  brain  (Fig.  2).  The  serum  chemistry  and  organ  his¬ 
tology  were  examined  at  3  days  following  the  sixth  weekly 
injection  because  prior  work  has  shown  the  TH  gene  expres¬ 
sion  following  PIL  injection  is  maximal  at  this  time  (13). 

The  intracerebral  injection  of  viral  vectors,  such  as  ad¬ 
enovirus  or  Herpes  simplex  virus,  leads  to  inflammation  of 
the  brain,  as  evidenced  by  perivascular  cuffing  with  lympho¬ 
cytes  and  increased  immunore activity  for  class  I  and  class  I 
MHC  antigens  in  brain  (2-5).  Therefore,  the  present  studies 
performed  a  detailed  immunocytochemical  analysis  of  brain 
to  examine  for  any  evidence  of  inflammation  in  the  brain 


following  the  chronic  delivery  to  brain  of  a  TH  expression 
plasmid  encapsulated  in  a  TfRMAb-targeted  PIL.  The  brain 
immunocytochemistry  of  the  animals  treated  weekly  with  the 
TfRMAb-targeted  PIL  was  compared  to  that  of  control 
groups  of  rats  treated  weekly  with  either  saline  or  with 
mIgG2a-targeted  PILs.  There  is  an  identical  pattern  of  im- 
munoreactivity  in  rat  brain  using  0X1,  0X6,  0X18,  0X35, 
0X42,  and  GFAP  antibodies  in  immunocytochemical  analy¬ 
sis  of  brain  for  all  three  treatment  groups  (Table  II).  In  these 
studies,  the  brain  was  fixed  with  either  methanol  or  paraform¬ 
aldehyde,  depending  on  which  was  the  optimal  fixative  for 
each  antigen  (Methods),  to  preserve  antigen  recognition  in 
the  fixed  brain.  Chronic  delivery  of  TfRMAb-targeted  PILs 
to  brain  caused  (a)  no  elevations  in  parenchymal  class  I 
(0X18)  or  II  MHC  (0X6),  (b)  no  elevations  in  parenchymal 
infiltration  by  lymphocytes  (0X35),  leukocytes  (0X1),  or 
macrophages  (0X42),  and  (c)  no  elevations  in  parenchymal 
gliosis  (GFAP). 

In  summary,  these  studies  demonstrate  that  nonviral  ex¬ 
pression  plasmids  can  be  delivered  to  organs  with  the  PIL 
gene  transfer  method  without  toxic  side  effects  when  admin¬ 
istered  at  a  PIL-encapsulated  plasmid  DNA  dose  of  25  (jig/kg. 
The  chronic  weekly  intravenous  administration  of  this  dose  of 
plasmid  DNA  encoding  for  rat  TH  and  encapsulated  in 
TfRMAb-targeted  PILs  causes  no  evidence  of  toxicity  in  ei- 
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—  9  kb 

—  7  kb 

—  4  kb 


—  2  kb 


—  1  kb 

Fig.  3.  Southern  blot  analysis  of  rat  brain  with  [32P]pGL2  clone  734. 
Lane  1,  brain  isolated  from  a  saline-treated  rat;  lane  2,  brain  isolated 
from  a  rat  injected  with  the  TH  expression  plasmid  encapsulated  in 
the  mIgG2a-targeted  PIL;  and  lane  3,  brain  isolated  from  a  rat  in¬ 
jected  with  the  TH  expression  plasmid  encapsulated  in  the  TfRMAb- 
targeted  PIL.  The  migration  of  the  DNA  standards  is  indicated  in  the 
figure.  The  expected  -7-kb  plasmid  DNA  corresponding  to  the  size  of 
the  TH  expression  plasmid  is  seen  only  in  the  brain  of  the  rats  treated 
with  the  TfRMab-targeted  PIL  (lane  3). 


ther  the  target  organ,  brain,  or  in  peripheral  tissues,  such  as 
liver,  spleen,  kidney,  heart,  or  lung.  It  is  possible  that  toxic 
effects  may  be  observed  at  higher  doses,  but  the  dose  used  in 
this  study  in  rats  was  chosen  because  this  dose  is  therapeutic 
in  rats  (13).  Moreover,  a  much  higher  dose,  200  (jtg/kg,  of 
PIL-encapsulated  plasmid  DNA  has  been  administered 
weekly  to  mice  without  evidence  of  toxicity  (12).  The  need  for 
high  dosing  of  plasmid  DNA  with  the  PIL  gene-targeting 
method  is  unlikely  because  a  dose  of  12  |xg/kg  of  PIL- 
encapsulated  plasmid  DNA  in  adult  primates  results  in  levels 
of  gene  expression  that  are  50-fold  higher  than  in  rodents 
(10).  The  finding  of  a  lack  of  toxicity  following  chronic  PIL 
administration  is  important  because  the  PIL  gene  transfer 
method  delivers  to  the  target  organ  a  nonviral  plasmid  that 
directs  gene  expression  for  only  a  finite  duration  (12,13).  The 
expression  plasmid  is  transcribed  episomally  and  is  not  per¬ 
manently  or  randomly  integrated  into  the  host  genome. 
Therefore,  in  order  to  sustain  a  pharmacologic  effect  with 
plasmid  DNA-based  gene  therapy,  it  is  necessary  to  admin¬ 
ister  the  gene  medicine  on  a  chronic  basis.  The  frequency  of 
the  administration  is  a  function  of  the  persistence  of  plasmid 
expression  in  the  target  organ.  Long-term  gene  expression  is 
possible  with  viral  vectors  that  permanently  integrate  into  the 
host  genome,  but  this  approach  is  associated  with  the  risk  of 
insertional  mutagenesis  (1).  An  alternative  approach  to  gene 
therapy  is  chronic  treatment  with  episomal-based  plasmid 
DNA  that  is  formulated  in  such  a  way  that  the  DNA  is  able 
to  target  distant  sites  following  intravenous  administration. 
Prior  work  has  shown  that  the  PIL  gene-targeting  method 
enables  widespread  expression  of  the  exogenous  gene  in  dis¬ 


tant  sites  such  as  brain  in  mice,  rats,  and  rhesus  monkeys 
(9-11).  The  present  studies  show  that  PIL-based  gene  therapy 
can  be  given  chronically  without  the  development  of  tissue 
toxicity  in  either  the  target  organ,  brain,  or  in  peripheral  tis¬ 
sues. 
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Organ-specific  gene  expression  in  the  rhesus  monkey  eye  following 
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Purpose:  The  transfer  of  exogenous  genes  to  the  entire  retina  and  other  ocular  structures  is  possible  with  a  vascular  route 
of  gene  delivery  using  a  non-viral  gene  transfer  method.  The  present  studies  examine  the  extent  to  which  either  (S-galac- 
tosidase  or  luciferase  expression  plasmids  are  targeted  to  the  retina  in  the  adult  rhesus  monkey  following  intravenous 
administration.  In  addition,  these  studies  examine  the  pattern  of  organ  expression  of  the  transgene  in  the  rhesus  monkey 
depending  on  whether  the  plasmid  is  under  the  influence  of  a  widely  expressed  promoter,  the  SV40  promoter,  or  an 
ocular-specific  promoter,  the  opsin  promoter. 

Methods:  The  plasmid  DNA  with  either  the  SV40  or  opsin  promoter  is  encapsulated  in  the  interior  of  85  nm  pegylated 
immunoliposomes  (PILs),  which  are  targeted  across  the  blood-retinal  barrier  and  into  ocular  cells  with  a  monoclonal 
antibody  to  the  human  insulin  receptor.  Following  a  single  intravenous  injection  of  the  PIL  carrying  the  transgene,  the 
animals  were  sacrificed  2,  7,  or  14  days  later  for  the  measurement  of  |3-galactosidase  or  luciferase  gene  expression  in  the 
monkey  eye  and  peripheral  organs. 

Results:  Histochemistry  showed  expression  of  the  P-galactosidase  gene  throughout  the  entire  primate  retina  including  the 
photoreceptor  cells  with  either  an  S  V40  or  a  bovine  opsin  promoter.  Whereas  the  SV40  promoter  enables  gene  expression 
in  other  organs  of  the  primate  (brain,  liver,  spleen),  the  opsin  promoter  restricted  trans-gene  expression  to  the  primate  eye, 
as  there  was  no  gene  expressed  in  other  organs.  The  retinal  luciferase  activity  at  2  days  after  administration  was  9.6±0.4  pg 
luciferase/mg  protein,  and  at  14  days  after  administration  was  still  comparable  to  maximal  levels  of  luciferase  gene 
expression  in  the  mouse  or  rat.  Confocal  microscopy  with  antibodies  to  the  insulin  receptor  and  to  P-galactosidase  demon¬ 
strated  co-localization  in  the  retina,  with  high  expression  of  the  trans-gene  and  the  insulin  receptor  in  the  inner  segments 
of  the  photoreceptor  cells. 

Conclusions:  The  PIL  non-viral  gene  transfer  technology  makes  possible  adult  transgenics  in  24  h.  Ectopic  expression  of 
exogenous  genes  in  organs  other  than  the  target  organ  is  made  possible  with  the  use  of  organ  specific  promoters,  and  gene 
expression  in  the  primate  is  restricted  to  the  eye  when  the  trans-gene  is  under  the  influence  of  the  opsin  promoter.  Plasmid- 
based  gene  expression  is  still  in  the  therapeutic  range  for  2-3  weeks  after  a  single  intravenous  administration.  Exogenous 
genes  are  expressed  throughout  the  entire  primate  retina  following  the  delivery  of  the  gene  to  the  eye  via  a  trans-vascular 
route. 


Many  forms  of  blindness  are  potentially  treatable  with 
retinal  gene  therapy  [1,2].  The  retinal  photoreceptor  cells  can 
be  transduced  with  sub-retinal  injections  of  viruses  such  as 
adeno-associated  virus  (AAV)  [3].  The  portion  of  the  human 
retina  that  is  transduced  with  a  sub-retinal  injection  is  local¬ 
ized  to  the  injection  site  [4,5],  Conversely,  global  expression 
of  an  exogenous  gene  throughout  the  human  retina  may  be 
possible  with  a  transvascular  route  to  the  eye  following  intra¬ 
venous  administration.  However,  viral  vectors  do  not  cross 
the  blood-retinal  barrier  (BRB).  In  mice  a  non-viral  gene  de¬ 
livery  system  comprised  of  pegylated  immunoliposomes  (PIL) 
can  be  targeted  across  the  BRB  following  intravenous  admin¬ 
istration,  and  this  leads  to  expression  of  an  exogenous  gene  in 
the  eye  [6].  In  this  approach,  the  therapeutic  gene  is  incorpo¬ 
rated  in  non-viral  plasmid  DNA,  which  is  encapsulated  in  the 
interior  of  85  nm  anionic  liposomes  [7,8].  The  surface  of  the 
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liposome  is  conjugated  with  several  thousand  strands  of  poly¬ 
ethylene  glycol  (PEG),  which  stabilizes  the  liposome  in  the 
circulation,  minimizes  liposome  uptake  by  the  reticulo-endot- 
helial  system,  and  enables  a  sustained  circulation  time  of  the 
liposome  in  the  blood.  The  tips  of  1-2%  of  the  PEG  strands 
are  conjugated  with  a  targeting  ligand  such  as  a  peptidomimetic 
monoclonal  antibody  (MAb).  The  targeting  ligand  binds  to 
specific  receptors  expressed  at  both  the  BRB  and  the  plasma 
membrane  of  retina  and  ocular  cells  to  trigger  receptor-medi¬ 
ated  transcytosis  across  the  BRB  and  receptor-mediated  en- 
docytosis  into  cells  of  the  eye  [6]. 

Exogenous  genes  have  been  targeted  to  the  mouse  eye 
and  retinal  pigmented  epithelium  (RPE)  with  PILs  formulated 
with  a  MAb  to  the  mouse  transferrin  receptor  (TfR)  [6].  This 
resulted  in  widespread  expression  of  the  exogenous  gene 
throughout  the  RPE,  but  there  was  no  measureable  gene  ex¬ 
pression  in  the  photoreceptor  cells  of  the  mouse  retina  [6]. 
The  absence  of  gene  expression  in  the  photoreceptor  layer  is 
attributed  to  the  minimal  expression  of  TfR  on  the  plasma 
membranes  in  the  outer  nuclear  layer  (ONL)  of  the  retina 
[9,10].  The  reduced  expression  of  the  TfR  in  the  ONL  is  con- 
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sistent  with  very  low  concentrations  of  iron  and  ferritin  in  this 
region  of  the  retina  [10].  Conversely,  the  cells  of  the  ONL 
express  high  levels  of  the  insulin  receptor  (IR)  [11,12]  and  a 
targeting  ligand  that  accesses  the  IR  could  deliver  genes  to  the 
ONL.  The  83-14  murine  MAb  to  the  human  insulin  receptor 
(HIR)  is  rapidly  transported  across  the  blood-brain  barrier 
(BBB)  of  Old  World  primates,  owing  to  high  expression  of 
the  IR  on  the  primate  BBB  [13].  Gene  transfer  with  the 
HIRMAb-targeted  PIL  enables  the  global  delivery  of  exog¬ 
enous  genes  to  the  brain  of  the  rhesus  monkey  following  in¬ 
travenous  injection  [14].  The  IR  is  also  expressed  at  the  BRB 
[11,12].  Therefore,  the  present  studies  determine  the  extent  to 
which  endogenous  genes  are  expressed  in  the  Rhesus  monkey 
retina  following  a  single  intravenous  injection  of  non-viral 
plasmid  DNA  encapsulated  in  a  PIL  that  is  targeted  to  the  HIR. 
Owing  to  the  genetic  similarity  between  humans  and  Old  World 
monkeys  such  as  the  Rhesus  monkey  [15],  the  83-14  HIRMAb 
cross-reacts  with  the  Rhesus  monkey  IR  [13].  In  the  present 
studies,  plasmids  encoding  either  (3-galactosidase  or  luciferase 
are  administered  by  peripheral  venous  injection,  and  gene  ex¬ 
pression  in  the  primate  retina  is  measured  with  the  luciferase 
assay,  (3-galactosidase  histochemistry,  and  confocal  micros¬ 
copy  using  antibodies  directed  against  (3-galactosidase  and  the 
HIR.  The  (3-galactosidase  expression  plasmid,  under  the  in¬ 
fluence  of  the  S  V40  promoter,  is  alternatively  designated  pSV- 
|3-galactosidase  or  clone  756,  as  described  previously  [14]. 
The  luciferase  expression  plasmid,  under  the  influence  of  the 
S  V40  promoter,  was  derived  from  the  pCEP4  plasmid,  and  is 
designated  clone  790  as  described  previously  [14], 

A  second  goal  of  the  present  work  was  to  examine  the 
organ  specificity  of  gene  expression  with  the  PIL  gene  trans¬ 
fer  approach.  If  the  exogenous  gene  is  under  the  influence  of  a 
widely  expressed  promoter,  such  as  the  SV40  promoter,  then 
the  gene  is  expressed  in  multiple  organs  of  the  primate,  in¬ 
cluding  brain,  liver,  and  spleen,  following  the  intravenous  in¬ 
jection  of  HIRMAb-targeted  PILs  [14].  In  the  present  study,  a 
|3-galactosidase  expression  plasmid  under  the  influence  of  the 
bovine  opsin  promoter,  is  injected  into  the  primate  following 
encapsulation  in  HIRMAb-targeted  PILs.  The  opsin-|3-galac- 
tosidase  plasmid  is  designated  pLacF,  as  described  by  Zack  et 
al  [16]. 

METHODS 

Materials:  POPC  (l-palmitoyl-2-oleoyl-sn-glycerol-3- 
phosphocholine)  and  DDAB  (didodecyldimethylammonium 
bromide)  were  purchased  from  Avanti-Polar  Lipids  Inc.  (Ala¬ 
baster,  AL),  and  distearoylphosphatidylethanolamine  (DSPE)- 
PEG  2000  was  obtained  from  Shearwater  Polymers  (Hunts¬ 
ville,  AL).  DSPE-PEG  2000-maleimide  was  custom  synthe¬ 
sized  by  Shearwater  Polymers.  [a-32P]dCTP  (3000  Ci/mmol) 
was  from  NEN  Life  Science  Product  Inc.  (Boston,  MA).  The 
nick  translation  system  was  from  Invitrogen  (San  Diego,  CA). 
5-Bromo-4-chloro-3-indoyl-|3-D-galactoside  (X-gal),  IGEPAL 
CA-630  and  all  other  chemicals  were  purchased  from  Sigma 
Chemical  Co.  (St.  Louis,  MO).  The  2-iminothiolane  (Traut’s 
reagent)  and  bicinchoninic  acid  (BCA)  protein  assay  reagents 
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were  obtained  from  Pierce  Chemical  Co.  (Rockford,  IL).  The 
83-14  murine  MAb  to  the  HIR  was  purified  by  protein  G  af¬ 
finity  chromatography  from  hybridoma  generated  ascites.  The 
luciferase  expression  plasmid  is  designated  clone  790  and  is 
derived  from  the  pCEP4  plasmid  under  the  control  of  the  S  V40 
promoter  as  described  previously  [17].  The  pSV-|3-galactosi- 
dase  expression  plasmid  driven  by  the  SV40  promoter  is  des¬ 
ignated  clone  756  as  described  previously  [7].  The  pLacF  ex¬ 
pression  plasmid  under  the  influence  of  the  bovine  rhodopsin 
promoter  was  provided  by  Dr.  Don  Zack  of  Johns  Hopkins 
University,  and  was  described  previously  [16],  and  is  desig¬ 
nated  clone  933.  This  8  kb  plasmid  includes  nucleotides  -2174 
to  +70  of  the  bovine  rhodopsin  gene.  The  presence  of  this 
portion  of  the  bovine  rhodopsin  promoter  within  the  plasmid 
was  confirmed  by  DNA  sequencing  using  a  M13  reverse  se¬ 
quencing  primer  followed  by  custom  sequencing  primers. 
Digestion  of  the  rhodopsin/|3-galactosidase  plasmid  with 
BamHI  released  the  3.0  kb  insert  from  the  5.0  kb  vector  back¬ 
bone. 

Pegylated  immunoliposome  synthesis:  Pegylated 
immunoliposomes  (PILs)  were  synthesized  from  a  total  of  20 
pmol  of  lipids,  including  18.6  pmol  of  POPC,  0.6  pmol  of 
DDAB,  0.6  pmol  of  DSPE-PEG,  and  0.2  pmol  of  DSPE-PEG- 
maleimide  [7,8].  Clone  756  plasmid  DNA,  clone  790  plasmid 
DNA,  or  pLacF  plasmid  DNA  was  produced  by  Maxiprep 
(Qiagen;  Chatsworth,  CA),  and  the  supercoiled  plasmid  DNA 
(200  pg)  and  1  pCi  of  32P-nick  translated  plasmid  DNA  were 
encapsulated  in  the  pegylated  liposomes  by  serial  extrusion 
through  filters  of  400,  200,  and  100  nm  pore  size,  which  forms 
liposomes  of  85  nm  diameter  [18].  The  exteriorized  DNA  was 
quantitatively  removed  by  exhaustive  nuclease  digestion,  as 
described  previously  [18].  The  83-14  MAb  containing  a  trace 
amount  of  3H-labeled  antibody,  was  thiolated  with  Traut’s  re¬ 
agent  and  the  thiolated  MAb  was  conjugated  to  the  pegylated 
liposome  overnight  at  room  temperature  as  described  previ¬ 
ously  [7,19].  The  unconjugated  MAb,  and  the  degraded  exte¬ 
riorized  DNA  were  separated  from  the  DNA  encapsulated 
within  the  PIL  by  elution  through  a  1.6x18  cm  column  of 
Sepharose  CL-4B  in  0.05  M  Hepes,  pH  7.0,  as  described  pre¬ 
viously  [7,19].  The  average  number  of  MAb  molecules  con¬ 
jugated  per  liposome  was  43±2  (mean±SE,  n=3  syntheses). 
The  final  percentage  entrapment  of  200  pg  of  plasmid  DNA 
in  the  liposome  preparation  was  computed  from  the  32P  radio¬ 
activity  and  was  35±7.5%  (mean±SE,  n=3  syntheses).  The  PIL 
conjugated  with  the  HIRMAb  is  designated  HIRMAb-PIL. 
The  HIRMAb-PIL  carrying  either  plasmid  DNA  was  steril¬ 
ized  before  injection  into  the  primate  with  a  0.22  pm  filter 
(Millipore  Co.,  Bedford,  MA)  as  described  previously  [19]. 

Intravenous  gene  administration  in  Rhesus  monkeys: 
Three  healthy  5-10  year  old,  5-6  kg  female  Rhesus  monkeys 
were  purchased  from  Covance  (Alice,  TX)  and  used  in  this 
study.  In  addition,  a  fourth  rhesus  monkey  was  sacrificed  for 
removal  of  control  tissues  from  an  uninjected  primate.  Ani¬ 
mal  care  guidelines  were  comparable  to  those  published  by 
the  Institute  for  Laboratory  Animal  Research  (Guide  for  the 
Care  and  Use  of  Laboratory  Animals)  and  the  US  Public  Health 
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Service  (Public  Health  Service  Policy  on  Human  Care  and 
Use  of  Laboratory  Animals).  The  animals  were  anesthetized 
with  10  mg/kg  ketamine  intra-muscular,  and  5  ml  of  sterile 
HIRMAb-PIL  containing  70  tig  of  plasmid  DNA  was  injected 
into  the  monkey  via  the  saphenous  vein  with  a  18-g  catheter. 
The  total  dose  of  HIRMAb  that  was  conjugated  to  the  PIL  and 
administered  to  each  monkey  was  1.8  mg  or  300  ug/kg  of 
antibody.  The  injection  dose  of  PIL  encapsulated  plasmid  DNA 
was  12  ug/kg.  The  eyes  were  enucleated  immediately  after 
euthanasia.  In  addition,  the  brain,  liver,  spleen,  lung,  heart, 
kidney,  triceps  skeletal  muscle  and  omental  fat  were  removed. 
The  conjunctiva,  orbital  connective  and  muscular  tissues,  and 
vitreous  body  were  removed  from  the  eye.  One  eye  was  used 
for  measurement  of  luciferase  activity  and  the  other  eye  was 
frozen  in  powdered  dry  ice  for  30  min,  embedded  in  OCT  and 
re-frozen  for  cryostat  sectioning.  Eyes  were  also  removed  from 
a  control  rhesus  monkey  (Sierra  Biomedical/Charles  River; 
Sparks,  NV),  not  injected  with  gene,  and  these  eyes  were  fro¬ 
zen  in  OCT  embedding  medium  immediately  after  euthana¬ 
sia,  and  processed  in  parallel  with  the  eyes  from  the  gene  in¬ 
jected  monkey. 


©  2003  Molecular  Vision 

The  experimental  design  involved  the  injection  of  either 

1  or  2  plasmids  in  the  same  animal,  so  as  to  minimize  the 
number  of  terminal  primate  experiments.  Monkey  1  was  in¬ 
jected  on  day  0  with  both  clone  756  (the  SV40  driven  |3-ga- 
lactosidase  plasmid),  and  clone  790  (the  SV40  driven  luciferase 
plasmid),  and  sacrificed  at  2  days  after  injection.  For  the  mon¬ 
key  1  experiment,  the  clone  756  or  clone  790  plasmid  DNA 
was  individually  encapsulated  in  separate  preparations  of 
HIRMAb-targeted  PILs  and  co-injected  into  the  primate,  simi¬ 
lar  to  the  experimental  design  used  previously  [14].  Monkey 

2  was  injected  with  clone  790  on  day  0,  and  injected  with 
clone  933,  the  pLacF  (the  rhodopsin  promoter  driven  [S-galac- 
tosidase  plasmid),  on  day  5,  and  sacrificed  on  day  7.  Monkey 

3  was  injected  with  clone  790  on  day  0  and  sacrificed  on  day 
14.  Monkey  4  was  the  control,  uninjected  primate. 

/3-Galactosidase  histochemistry:  Frozen  sections  of  20 
pm  thickness  were  cut  on  a  Mikron  cryostat  and  fixed  with 
0.2%  glutaraldehyde  in  0.1  M  NaH,P(D4  for  1  h.  The  sections 
were  washed  with  0.1  M  NaH  .PO,  three  times,  and  incubated 
overnight  at  37  °C  in  X-gal  staining  solution  (20  mM  potas- 
sium-ferrocyanide,  20  mM  potassium-ferricyanide,  2  mM 


Figure  1.  P-Galactosidase  his¬ 
tochemistry  of  primate  eyes.  |3-ga- 
lactosidase  histochemistry  in  con¬ 
trol,  un-injected  Rhesus  monkey 
eye  (Panels  A  and  C)  and  gene-in¬ 
jected  Rhesus  monkey  eye  (Pan¬ 
els  B,  D.  E,  and  F).  Panels  A-E 
show  P-galactosidase  histochem¬ 
istry  followed  by  counter-staining 
with  hematoxylin,  whereas  Panel 
F  shows  the  retina  only  counter- 
stained  with  hematoxylin.  Magni¬ 
fication  in  Panels  A  and  B  is  the 
same;  the  magnification  bar  in 
Panel  A  represents  2  mm.  The  mag¬ 
nification  in  Panels  C,  D,  and  F  is 
the  same;  the  magnification  bar  in 
Panel  C  represents  32  pm.  The 
magnification  bar  in  Panel  E  rep¬ 
resents  13  pm.  Abbreviations  in 
Panel  E:  INL,  inner  nuclear  layer; 
OPL,  outer  plexiform  layer;  ONL, 
outer  nuclear  layer;  IS  inner  seg¬ 
ments;  OS,  outer  segments;  RPE, 
retinal  pigmented  epithelium.  All 
specimens  shown  in  Panels  B,  D- 
F  were  taken  48  h  after  the  intra¬ 
venous  administration  of  clone 
756,  the  pSV40-P-galactosidase 
plasmid,  in  monkey  1  (see  Meth¬ 
ods). 
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MgCl2, 0.02%  IGEPAL  CA-630, 0.01  %  Na  deoxycholate,  and 
1  mg/ml  X-gal  in  0.1  M  NaH,P04)  at  pH  7.3.  Prior  to 
coverslipping,  the  sections  were  scanned  with  a  UMAX 
PowerLooklll  scanner  with  transparency  adapter,  and  the  im¬ 
age  was  cropped  in  Adobe  Photoshop  5.5  on  a  G4  Power 
Macintosh  computer.  Control  or  un-injected  rhesus  monkey 
eye  was  stained  in  parallel  with  the  eye  obtained  from  the  gene- 
injected  animal.  Specimens  were  examined  with  and  without 
hematoxylin  counter-staining. 

Confocal  Imaging:  Frozen  sections  (20  um)  of  either 
gene-injected  and  control  monkey  eyes  were  fixed  for  5  min 
in  100%  acetone  at  room  temperature  (RT).  Following  air  dry¬ 
ing,  all  sections  were  washed  in  0.01  M  PBS  buffer  and  non¬ 
specific  binding  was  blocked  using  10%  goat  serum  in  0.01 
M  PBS  with  0.1%  Triton  X-100,  pH  7.4  for  60  min  at  RT. 
Primary  antibodies  were  the  83-14  mouse  anti-human  insulin 
receptor,  rabbit  anti  E.  coli  (3-galactosidase  polyclonal  anti¬ 
body  (Biodesign  Int.,  Saco,  ME),  mouse  IgG2a  isotype  con¬ 
trol,  or  rabbit  IgG,  5  ug/ml,  in  3%  bovine  serum  albumin, 
0.01  M  PBS  with  0.1%  Triton  X-100,  pH  7.4;  all  primary  an¬ 
tibodies  were  used  at  5  pg/ml.  Incubation  time  was  48  h  at  4 
°C  in  a  humidified  chamber.  Secondary  antibodies  used  were 
594  Goat  anti-mouse  IgG  and  488  goat  anti-rabbit  IgG  (Mo¬ 
lecular  Probes;  Eugene,  OR),  5  ug/ml,  in  1%  goat  serum,  0.01 


Days 

Figure  2.  Luciferase  gene  expression  in  the  primate  eye.  Retinal 
luciferase  activity  in  3  rhesus  monkeys  sacrificed  at  2,  7,  or  14  days 
after  intravenous  administration  of  clone  790  in  monkeys  1,  2,  and  3, 
respectively  (see  Methods).  The  data  were  fit  to  a  single-exponential 
equation  to  yield  the  slope/half-time  (t1/2)  and  the  intercept,  [A(0)]. 
The  horizontal  line  shows  the  A(0)  of  luciferase  activity  in  control 
mouse  brain,  0.22±0.08  pg/mg  [20],  which  indicates  the  level  of  gene 
expression  in  the  monkey  retina  is  still  above  the  therapeutic  level 
for  at  least  2  weeks  after  injection.  The  luciferase  expression  plas¬ 
mid  was  under  the  influence  of  the  SV40  promoter  in  these  studies. 
The  diagonal  line  through  the  data  points  was  drawn  by  eye.  Error 
bars  representing  the  stardard  deviation  are  shown  over  each  closed 
circle. 


M  PBS,  0.1%  Triton  X-100,  pH  7.4.  Incubation  time  was  1  h 
at  RT.  Confocal  imaging  was  performed  with  a  Zeiss  LSM  5 
PASCAL  confocal  microscope  with  dual  argon  and  helium/ 
neon  lasers  equipped  with  Zeiss  LSM  software  for  image  re¬ 
construction  (Zeiss,  Jena,  Germany).  All  sections  were  scanned 
in  multitrack  mode  to  avoid  overlap  of  the  fluorescein  (exci¬ 
tation  at  488  nm)  and  rhodamine  (excitation  at  543  nm)  chan¬ 
nels  employing  the  Plan-Neofluar40x/0.75  objective.  Pinhole 
size  was  126  um  in  both  channels,  and  detector  gain,  ampli¬ 
fier  gain  and  amplifier  offset  was  identical  for  the  gene -in¬ 
jected  and  control  retina.  Two  scanning  lines  were  integrated 
for  a  512x512  image  matrix.  By  integrating  4  serial  tomo¬ 
graphic  images  stack  sizes  of  230.3x230.3x4.8  pm  dimension 
were  created.  2D  images  were  visualized  by  integrating  4  se¬ 
rial  tomographs  by  maximum  intensity  projection. 

Luciferase  measurements:  Primate  retina  was  homog¬ 
enized  in  4  volumes  of  lysis  buffer  for  measurement  of  lu¬ 
ciferase  activity,  as  described  previously  [19].  The  data  are 
reported  as  pg  luciferase  activity  per  mg  cell  protein.  Based 
on  the  standard  curve,  1  pg  of  luciferase  was  equivalent  to 
14,3 12±2, 679  relative  light  units  (RLU),  which  is  the 
mean±S.E.  of  5  assays. 

RESULTS 

Histochemistry  of  the  retina  obtained  from  a  control,  un-in- 
jected  Rhesus  monkey  shows  no  measurable  p-galactosidase 
histochemical  product  (Figure  1  A).  In  contrast,  there  is  global 
[S-galactosidase  histochemical  product  in  the  primate  retina 
and  eye  obtained  48  h  after  the  single  intravenous  injection  of 
the  pS V-(3-galactosidase  plasmid  encapsulated  in  the 
HIRMAb-PIL  (Figure  IB).  Exogenous  gene  expression  is  de¬ 
tected  in  multiple  structures  of  the  eye  including  the  entire 
retina,  the  epithelium  of  the  cornea,  the  ciliary  body,  and  the 
iris.  Higher  magnification  of  the  retina  shows  no  evidence  of 
histochemical  product  in  the  eye  obtained  from  the  un-injected 
monkey  (Figure  1C),  although  there  is  gene  expression  in  most 
layers  of  the  retina  in  the  gene-injected  Rhesus  monkey  (Fig¬ 
ure  ID).  There  is  abundant  histochemical  product  in  the  cell 
bodies  of  the  ONL  as  well  as  the  inner  segments  (IS)  and  some 
measurable  histochemical  product  in  the  outer  segments  (OS) 
of  the  photoreceptor  cells  (Figure  IE).  Other  layers  of  the  retina 
that  are  positive  for  [S-galactosidase  gene  expression  include 
the  inner  plexiform  layer  (IPL),  the  inner  nuclear  layer  (INL), 
the  outer  plexiform  layer  (OPL)  and  the  ganglion  cell  layer 
(GCL);  see  Figure  1D,E.  There  is  no  structural  damage  to  the 
retina  caused  by  the  PIL  administration  as  shown  by  the 
counter-staining  of  the  primate  retina  (Figure  IF). 

The  luciferase  gene  was  also  expressed  in  the  retina,  and 
the  retinal  luciferase  activity  at  48  h  was  9.6  ±0.4  pg  luciferase/ 
mg  protein  (mean±S.E.,  n=3  replicates).  This  is  equivalent  to 
1.4xl05  relative  light  units  (RLU)/mg  protein  (Methods).  No 
luciferase  enzyme  activity  was  detected  in  the  retina  of  the 
control,  uninjected  monkey.  The  retina  luciferase  activity  was 
also  measured  in  primates  at  7  and  14  days  after  injection,  and 
the  retinal  luciferase  activity  decayed  exponentially  (Figure 
2).  The  half-time  of  luciferase  gene  expression  decay  was 
2.0±0.1  days  and  the  extrapolated  Y-intercept  [A(0)],  which 
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gives  the  maximal  retinal  luciferase  level,  was  19.3±0.1  pg 
per  mg  protein  (Figure  2).  The  horizontal  line  in  Figure  2  is 
the  luciferase  A(0)  in  the  mouse  [20],  which  corresponds  to 
the  primate  retina  luciferase  activity  at  12  days  after  a  single 
intravenous  injection  (Figure  2). 

Confocal  microscopy  shows  diffuse  expression  of  the  IR 
in  the  retina  of  the  gene-injected  primate  with  high  levels  in 
the  IS,  OPL,  IPL,  and  intermediate  levels  of  expression  in  the 
INL  and  ONL  cell  bodies  (Figure  3A).  The  same  pattern  of 
retinal  expression  of  the  IR  is  seen  in  the  control  monkey  (Fig¬ 
ure  3D).  There  is  diffuse  immunoreactive  (3-galactosidase  in 
the  gene-injected  monkey  with  high  levels  in  the  IS,  OPL, 
and  IPL  (Figure  3B).  There  is  no  immunoreactive  p-galac- 
tosidase  in  the  un-injected  control  monkey,  as  the  faint 
autofluorescence  seen  over  the  RPE,  OPL,  and  rod  outer  seg¬ 
ments  (Figure  3E,  left  lower  corner)  was  also  detected  with 
control  rabbit  IgG  (Figure  3H).  The  IR/p-galactosidase  over¬ 
lap  images  for  the  gene -injected  monkey  and  un-injected  con¬ 
trol  monkey  are  shown  in  Figure  3C,F,  respectively.  There  is  a 
co-localization  of  p-galactosidase  and  IR  in  the  gene  injected 
monkey  with  minimal  overlap  signal  in  the  un-injected  mon¬ 
key  (Figure  3F). 

The  organ  specificity  of  p-galactosidase  gene  expression 
was  examined  in  the  primate  at  2  days  following  the  intrave¬ 
nous  injection  of  the  pLacF  plasmid  driven  by  the  bovine  op¬ 
sin  promoter.  Although  there  was  abundant  gene  expression 
in  multiple  structures  of  the  eye  (Figure  4A),  there  was  no 
gene  expression  in  monkey  brain,  heart,  lung,  fat,  spleen,  or 


liver  (Figure  4C-H).  The  negative  histochemical  reaction  in 
these  multiple  peripheral  tissues  was  not  assay  related,  be¬ 
cause  the  histochemistry  was  done  in  parallel  with  the  pri¬ 
mate  eye  (Figure  4A,I)  as  well  as  the  primate  kidney  (Figure 
4B,J).  Control  kidney  from  un-injected  animals  contains  p- 
galactosidase  that  is  active  at  neutral  pH  and  is  histochemi- 
cally  active  in  the  P-galactosidase  assay  [7].  Therefore,  the 
histochemistry  of  kidney  tissues  serves  as  a  positive  control 
for  the  P-galactosidase  assay.  The  pattern  of  cellular  gene  ex¬ 
pression  in  the  layers  of  the  primate  retina  following  adminis¬ 
tration  of  the  opsin  promoter  plasmid  (Figure  41)  is  compa¬ 
rable  to  that  found  with  the  SV40  promoter  plasmid  as  shown 
in  Figure  IE.  p-galactosidase  gene  expression  under  the  in¬ 
fluence  of  the  opsin  promoter  was  observed  in  multiple  layers 
of  the  retina  including  the  ONL,  and  the  IS  and  OS  of  the 
photoreceptor  cells  (Figure  41). 

DISCUSSION 

The  results  of  these  studies  support  the  following  conclusions. 
First,  exogenous  plasmid-based  genes  may  be  targeted  to  nearly 
all  structures  of  the  primate  eye  using  the  PIL  gene  targeting 
system  and  a  HIRMAb  as  the  targeting  ligand  (Figure  1).  Sec¬ 
ond,  the  IR  is  expressed  in  the  cell  bodies  of  the  ONL  (Figure 
3A),  which  enables  global  expression  of  exogenous  genes  in 
the  photoreceptor  cells  and  particularly  IS  (Figure  IE  and  Fig¬ 
ure  3B).  Third,  P-galactosidase  gene  expression  in  the  rhesus 
monkey  is  restricted  to  the  eye  when  the  trans-gene  is  under 
the  influence  of  a  ocular-specific  promoter  such  as  the  opsin 
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Figure  3.  Confocal  microscopy  of  the 
primte  retina.  Confocal  microscopy  of 
the  retina  from  the  gene-injected  mon¬ 
key  (A-C,  G-I)  and  from  the  control,  un- 
injected  monkey  (D-F).  Immunoreac¬ 
tive  insulin  receptor,  stained  with 
rhodamine-labeled  secondary  antibody, 
is  shown  in  Panels  A  and  D.  Immunore¬ 
active  P-galactosidase,  stained  with  the 
fluorescein-labeled  secondary  antibody, 
is  shown  in  Panels  B  and  E.  Staining 
with  the  pre-immune  mouse  IgG  or  the 
rabbit  IgG  is  shown  in  Panels  G  and  H. 
The  respective  superimposed  images  are 
shown  in  panels  C,  F,  and  I.  The  yellow 
image  in  panel  C  shows  co-localization 
of  the  p-galactosidase  and  human  insu¬ 
lin  receptor  in  the  retina  of  the  gene-in¬ 
jected  monkey,  including  the  photore¬ 
ceptor  cells.  Scale  bar:  20  pm.  Abbre¬ 
viations  in  Panel  A:  IPL,  inner  plexiform 
layer;  INL,  inner  nuclear  layer;  OPL, 
outer  plexiform  layer;  ONL,  outer 
nuclear  layer;  IS,  inner  segments.  All 
specimens  shown  in  Panels  A-C  were 
taken  48  h  after  the  intravenous  admin¬ 
istration  of  clone  756,  the  pSV40-P-ga- 
lactosidase  plasmid  in  monkey  1  (see 
Methods). 
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promoter  (Figure  4).  Fourth,  the  expression  of  a  reporter  gene 
in  the  monkey  eye  declines  following  a  single  intravenous  in¬ 
jection  of  plasmid  and  decays  exponentially  with  a  X  of 
2.0±0.1  days  (Figure  2). 

The  nearly  global  expression  of  the  exogenous  gene  de¬ 
livered  to  the  primate  eye  via  the  HIRMAb  targeted  PIL  is 
shown  by  the  (3-galactosidase  histochemistry  (Figure  IB). 
There  is  gene  expression  in  the  retina,  the  cornea,  the  ciliary 
body,  and  the  iris,  and  this  global  expression  in  the  eye  is  ob¬ 
served  with  either  the  SV40  promoter  (Figure  IB)  or  the  bo¬ 
vine  opsin  promoter  (Figure  4A).  The  sites  of  (3-galactosidase 
gene  expression  parallel  the  sites  of  expression  of  the  insulin 
receptor.  The  IR  is  expressed  in  the  human  eye  in  the  epithe¬ 
lium  and  endothelium  of  the  cornea,  the  lens  capsular  epithe¬ 
lium,  and  multiple  cells  within  the  retina  including  the  inner 
segments,  the  ONL,  the  RPE,  GCL,  and  Muller  cells  [11,12], 
In  addition  to  the  widespread  expression  within  the  eye  of  the 
IR,  this  receptor  is  also  useful  for  gene  targeting  to  the  nucleus. 
The  IR  serves  to  deliver  ligand  to  the  nucleus;  prior  work  has 
shown  that  the  IR  delivers  to  the  nucleus  the  majority  of  plas¬ 
mid  DNA  taken  up  by  the  cell  [19,21].  The  mechanism  of 
gene  delivery  to  the  eye  is  receptor-mediated,  and  not  a  non¬ 
specific  breakdown  of  the  BRB  caused  by  the  PIL  injection. 
Prior  work  has  shown  that  when  the  [3-galactosidase  expres¬ 
sion  plasmid  is  encapsulated  in  a  PIL  targeted  with  an  isotype 
control  antibody  that  does  not  recognize  any  receptor,  then 
there  is  no  (3-galactosidase  gene  expression  observed  either  in 
the  eye  [6],  or  in  any  other  organ  [7,8].  There  is  normal  cellu¬ 
lar  architecture  in  the  retina  following  PIL  administration  (Lig- 
ure  1L). 

The  present  studies  target  genes  to  the  primate  eye  with 
the  HIRMAb  and  demonstrate  gene  expression  in  the  primate 
photoreceptor  cells  (Ligures  1,  3  and  4).  In  contrast,  prior  work 
in  mice  targeted  genes  to  the  retina  with  the  TfRMAb,  and  no 
expression  of  the  (3-galactosidase  gene  in  the  photoreceptor 
cells  of  the  mouse  retina  was  observed  [6].  This  observation 
correlates  with  the  known  tissue-specific  expression  of  the  TfR 
within  the  retina.  The  TfR  is  produced  in  the  RPE,  IS,  OPL, 
INL,  and  GCL,  but  is  minimally  expressed  in  the  cell  bodies 
of  the  ONL  [9,10].  The  low  expression  of  TfR  in  the  ONL  is 
consistent  with  the  very  low  stores  of  either  iron  or  ferritin  in 
the  ONL  [10].  The  TfR  is  expressed  on  the  IS  of  the  photore¬ 
ceptor  cells  [6],  but  PIL  entry  into  the  photoreceptor  cell  at 
the  IS  apparently  cannot  support  gene  expression  [6].  There 
may  be  minimal  retrograde  transport  of  the  PIL  from  the  IS  to 
the  cell  body  of  the  photoreceptor  cell  in  the  ONL.  While  the 
TfR  is  minimally  expressed  in  the  cell  bodies  of  the  ONL  [10], 
the  insulin  receptor  is  expressed  in  this  region  of  the  retina  in 
both  humans  and  rats  [11,12].  The  present  studies  demonstrate 
that  the  ONL  of  the  primate  retina  is  also  a  site  of  abundant 
insulin  receptor  expression  as  shown  by  confocal  microscopy 
(Ligure  3A,D).  In  parallel  with  the  expression  of  insulin  re¬ 
ceptor  at  the  ONL,  the  |3-galactosidase  gene  is  expressed  in 
the  photoreceptor  cells  of  the  monkey  (Ligure  IE).  The  (3- 
galactosidase  gene  expression  is  more  prominent  in  the  inner 
segments  relative  to  the  outer  segments,  although  |3-galactosi- 


dase  activity  in  the  outer  segments  is  visible  by  histochemis¬ 
try  (Ligure  IE  and  Ligure  41). 

The  organ  specificity  of  gene  expression  is  a  function  of 
two  variables:  (a)  the  organ  specificity  of  the  targeting  MAb 
attached  to  the  PIL,  and  (b)  the  organ  specificity  of  the  pro- 


Figure  4.  (3-Galactosidase  histochemistry  of  primate  organs.  Organ 
(3-galactosidase  histochemistry  for  Rhesus  monkey  eye  (A  and  I), 
kidney  (B  and  J),  brain  (C),  heart  (D),  lung  (E),  omental  fat  (F), 
spleen  (G),  and  liver  (H).  Skeletal  muscle  was  also  examined  (not 
shown),  and  like  the  heart  showed  no  histochemical  reaction.  The 
organs  were  removed  from  the  animal  sacrificed  at  48  h  after  an  in¬ 
travenous  injection  of  the  opsin  promoter-driven  pLacF  plasmid  en¬ 
capsulated  in  HIRMAb-targeted  PILs,  which  corresponds  to  mon¬ 
key  2  (see  Methods).  The  magnification  is  the  same  for  panels  A-H; 
the  magnification  bar  in  Panel  A  represents  3  mm.  The  magnification 
is  the  same  for  panels  I-J;  the  magnification  bar  in  Panel  I  represents 
12  pm. 
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moter  incorporated  in  the  expression  plasmid.  In  prior  work 
in  the  rhesus  monkey,  the  pS  V-|3-galactosidase  expression  plas¬ 
mid  was  under  the  influence  of  the  widely  expressed  SV40 
promoter.  Therefore,  gene  expression  was  observed  in  mul¬ 
tiple  organs  of  the  primate  including  brain,  liver,  and  spleen 
[14],  However,  the  present  studies  show  that  the  expression 
of  the  p-galactosidase  gene  is  restricted  to  the  eye  when  the  (3- 
galactosidase  expression  plasmid  is  under  the  influence  of  the 
bovine  opsin  promoter  (Figure  4).  The  pLacF  P-galactosidase 
expression  plasmid  is  driven  by  the  2  kb  of  the  5'-flanking 
sequence  (FS)  of  the  bovine  opsin  gene  [16].  Under  the  re¬ 
striction  of  the  opsin  promoter,  there  is  no  expression  in  brain, 
liver,  spleen  or  other  organs  following  the  intravenous  admin¬ 
istration  of  HIRMAb-targeted  PILs  in  the  rhesus  monkey  (Fig¬ 
ure  4).  This  observation  in  the  primate  of  organ-specific  gene 
expression  with  organ-specific  promoters  parallels  prior  work 
in  the  mouse  and  rat  [7,8].  Genes  driven  by  the  SV40  pro¬ 
moter  and  encapsulated  in  TfRMAb-targeted  PILs  are  ex¬ 
pressed  in  multiple  TfR-rich  peripheral  organs  including  brain, 
liver,  and  spleen  [7].  However,  a  different  pattern  of  gene  ex¬ 
pression  is  observed  if  the  exogenous  gene  is  driven  by  a  brain- 
specific  promoter  such  as  the  2  kb  of  the  5'-FS  of  the  glial 
fibrillary  acidic  protein  (GFAP)  gene.  If  the  S  V40  promoter  is 
replaced  with  the  GFAP  promoter,  then  gene  expression  in  the 
brain  and  eye  is  preserved  [6,7],  whereas  trans-gene  expres¬ 
sion  in  peripheral  tissues  such  as  liver  or  spleen  is  eliminated 
[7].  The  finding  of  eye-specific  gene  expression  in  the  mon¬ 
key  with  the  pLacF  plasmid  (Figure  4)  parallels  prior  work 
with  transgenic  mice  produced  with  the  pLacF  gene.  Gene 
expression  is  confined  to  the  eye  in  either  the  germ  cell 
transgenic  mouse  [16],  or  the  adult  rhesus  monkey  made 
acutely  transgenic  with  the  PIL  gene  transfer  technology  (Fig¬ 
ure  4). 

The  bovine  opsin  promoter  restricts  transgene  expression 
to  the  eye,  but  does  not  restrict  gene  expression  to  the  photo¬ 
receptor  cells  in  the  monkey  (Figure  4A).  A  similar  finding 
was  made  in  transgenic  mice  produced  with  the  pLacF  con¬ 
struct,  as  these  transgenic  mice  expressed  the  (I-galactosidase 
gene  in  the  photoreceptor  cells,  as  well  as  the  iris  and  ciliary 
body,  and  the  brain  [16].  One  possible  explanation  for  the  dif¬ 
fuse  expression  of  the  reporter  gene  in  the  eye  is  selective 
expression  in  the  photoreceptor  cells  followed  by  secretion 
and  diffusion  to  other  parts  of  the  eye.  However,  this  explana¬ 
tion  appears  unlikely  since  prior  work  has  shown  selective 
localization  of  the  [i-galactosidase  enzyme  in  retinal  structures 
without  secretion  and  diffusion  to  other  parts  of  the  eye  [6] .  A 
more  likely  explanation  for  the  broad  spectrum  of  opsin  pro¬ 
moter  driven  gene  expression  in  the  eye  is  that  the  other  ocu¬ 
lar  structures  are  embryologically  related  to  the  neural  retina. 
Transfection  of  iris  or  ciliary  body  with  the  photoreceptor  cell 
specific  Crx  homeobox  gene  results  in  the  synthesis  of  rhodop- 
sin  in  these  extra-retinal  ocular  structures  [22].  The  restriction 
of  gene  expression  to  the  photoreceptor  cells  may  require  regu¬ 
latory  gene  elements  in  addition  to  the  5'-FS  of  the  gene.  In 
the  case  of  brain  GFAP  gene  expression,  the  5'-FS  confers 
brain  specificity,  but  does  not  restrict  gene  expression  within 
the  brain  to  astrocytes.  Astrocyte  specific  gene  expression  re¬ 


quires  the  coordinate  interaction  of  gene  elements  in  both  the 
5'-FS  and  the  3’-FS  of  the  GFAP  gene  [23,24], 

The  luciferase  gene  expression  decays  exponentially  with 
a  half-time  of  2.0±0. 1  days,  and  the  peak  luciferase  expres¬ 
sion,  A(0)  is  19.3±0.3  pg/mg  (Figure  2).  The  peak  luciferase 
gene  expression  is  50-fold  higher  than  the  A(0)  in  rodent  brain 
[14,20],  and  the  rodent  A(0)  is  shown  by  the  horizontal  line  in 
Figure  2.  The  higher  peak  level  of  gene  expression  in  the  pri¬ 
mate,  relative  to  the  rodent,  is  attributed  to  the  much  higher 
activity  of  the  HIRMAb  as  a  targeting  ligand,  as  compared  to 
the  TfRMAb  [21].  The  HIRMAb  is  used  to  target  PILs  to  pri¬ 
mate  brain  [14],  whereas  the  TfRMAb  is  used  to  target  PILs 
to  rodent  brain  [6-8].  The  level  of  gene  expression  achieved 
with  the  TfRMAb  is  sufficient  to  cause  the  desired  pharmaco¬ 
logical  effect.  The  intravenous  administration  of  TfRMAb- 
targeted  PILs  produces  a  100%  increase  in  survival  time  in 
mice  with  experimental  brain  cancer  treated  with  EGFR 
antisense  gene  therapy  [20],  or  a  100%  normalization  of  stri¬ 
atal  enzyme  activity  in  rats  with  experimental  Parkinsonism 
treated  with  tyrosine  hydroxylase  gene  therapy  [25].  There¬ 
fore,  the  mouse  A(0)  shown  in  Figure  2  represents  levels  of 
gene  expression  that  yield  therapeutic  effects.  Owing  to  the 
very  high  initial  level  of  gene  expression  in  the  primate  with 
the  HIRMAb,  the  level  of  retinal  gene  expression  is  still  in  the 
therapeutic  range  for  more  than  2  weeks  after  a  single  intrave¬ 
nous  injection  (Figure  2).  Therefore,  primates  may  require 
repeat  administration  of  gene  therapy  at  intervals  of  3-4  weeks. 

In  summary,  these  studies  show  it  is  possible  to  achieve 
global  expression  of  an  exogenous  gene  in  photoreceptor  cells 
of  the  primate  retina  following  a  non-invasive,  intravenous 
administration  of  a  non-viral  form  of  the  gene.  The  plasmid 
replicates  episomally  and  gene  expression  is  reversible  (Fig¬ 
ure  2).  Southern  blotting  shows  no  integration  of  the  plasmid 
DNA  into  host  chromosomal  DNA  following  PIL  gene  deliv¬ 
ery  [8].  Similarly,  plasmid  DNA  delivered  to  organs  in  vivo 
with  the  hydrodynamics  injection  method  is  not  integrated  in 
the  host  chromosome  [26].  Owing  to  the  transient  nature  of 
plasmid-based  gene  expression,  it  is  necessary  to  administer 
the  PIL  formulation  at  regular  intervals  to  sustain  a  therapeu¬ 
tic  effect,  and  this  has  been  done  for  the  treatment  of  mice 
with  brain  cancer  [20].  The  chronic  weekly  intravenous  ad¬ 
ministration  of  PIL  encapsulated  genes  causes  no  change  in 
organ  histology,  serum  chemistry,  or  body  weights,  and  causes 
no  inflammation  in  the  central  nervous  system  [27],  Repeat 
intravenous  administration  of  the  PIL  formulation  is  possible, 
because  the  only  antigenic  component  of  the  liposome  is  the 
targeting  ligand.  The  immunogenicity  of  the  targeting  MAb 
can  be  reduced  or  eliminated  with  genetic  engineering  and 
“humanization”  of  the  original  murine  MAb.  The  murine  83- 
14  HIRMAb  has  been  genetically  engineered  to  produce  the 
chimeric  form  of  this  antibody,  and  the  chimeric  HIRMAb 
has  an  identical  affinity  for  the  HIR  as  the  original  murine 
antibody  [28].  The  chimeric  HIRMAb  rapidly  crosses  the  pri¬ 
mate  BBB  in  vivo  [28],  and  the  present  studies  provide  evi¬ 
dence  that  the  HIRMAb  also  crosses  the  primate  BRB  and 
distributes  to  the  retina  and  to  multiple  ocular  structures. 
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Immunoliposomes 

By  William  M.  Pardridge 


Introduction 

Targeting  therapeutic  genes  to  tissues  in  cell  culture  or  in  vivo  has  been 
performed  in  the  past  with  one  of  three  different  technologies:  (1)  viral 
vectors,  (2)  cationic  liposomes,  and  (3)  plasmid  DNA  complexed  to  conju¬ 
gates  of  a  polycationic  protein  and  a  receptor  ligand  (asialoglycoproteins, 
transferrin,  or  folic  acid).  Viral  vectors,  such  as  adenovirus  or  herpes 
simplex  virus,  generate  inflammatory  responses  as  a  result  of  the  preexist¬ 
ing  immunity  of  virtually  all  humans  to  either  virus.12  The  single  injection 
of  either  virus  into  animal  or  human  brain  results  in  a  local,  inflammatory 
reaction  leading  to  demyelination.  12  The  principal  nonviral  form  of  gene 
delivery  uses  complexes  of  cationic  liposomes  and  DNA.  However,  the 
in  vivo  application  of  cationic  liposomes  is  limited  by  the  aggregation  of 
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cationic  liposome-DNA  complexes  in  physiological  saline.  The  cationic 
lipid-DNA  formulations  do  not  aggregate  in  water.  However,  once  the  salt 
content  is  raised  to  the  physiological  level,  the  complexes  become  electric¬ 
ally  neutral  and  aggregate  into  multimicron  structures. 13-16  Therefore, 
when  cationic  liposome-DNA  complexes  are  injected  intravenously,  large 
aggregates  form  immediately  and  are  deposited  in  the  first  vascular  bed, 
the  pulmonary  circulation.  Gene  expression  in  the  lung  is  several  log 
orders  of  magnitude  greater  than  gene  expression  in  peripheral  tissues  such 
as  the  liver  or  spleen,  and  there  is  no  gene  expression  in  brain  following 
the  intravenous  administration  of  cationic  liposome-DNA  complexes. 17-19 
Aggregation  also  occurs  with  complexes  of  polycations  and  DNA;  in  this 
approach,  the  polycationic  protein  substitutes  for  the  cationic  lipid.  How¬ 
ever,  aggregation  in  saline  is  observed,  and  there  is  preferential  expression 
of  the  exogenous  gene  in  the  pulmonary  circulation.20  The  lung  is  targeted 
by  gene  delivery  systems  composed  of  polycationic  lipids  or  proteins, 
because  the  pulmonary  circulation  is  the  very  first  vascular  bed  immedi¬ 
ately  distal  to  an  intravenous  injection,  and  aggregates  are  trapped  in  the 
lung  microcirculation.  The  instability  of  the  gene  formulation  in  serum 
has  also  been  observed  for  conjugates  of  a  receptor  ligand  and  plasmid 
DNA  complexed  to  a  polycationic  protein  such  as  polylysine,  and  this  in¬ 
stability  is  not  altered  by  pegylation  of  the  polylysine.21  Presumably,  the 
electrostatic  interactions  that  bind  the  anionic  DNA  to  the  cationic  protein 
are  disrupted  by  serum  proteins  in  vivo.  Each  of  the  traditional  approaches 
for  gene  targeting  in  vivo  have  distinct  advantages.  However,  each 
approach  also  has  significant  disadvantages  that  prevent  the  widespread 
application  of  the  gene  targeting  technology  in  vivo. 

An  alternative  approach  to  targeting  therapeutic  genes  to  tissues  in  vivo 
is  the  use  of  pegylated  immunoliposomes  (PIL),  which  are  depicted  in 
Fig.  1A.  The  PIL  formulation  is  similar  to  a  viral  vector  in  that  the  DNA 


13  H.  Matsui,  L.  G.  Johnson,  S.  H.  Randell,  and  R.  C.  Boucher,  /.  Biol.  Chem.  272,  1117 
(1997). 

14  R.  I.  Mahato,  A.  Rolland,  and  E.  Tomlinson,  Pharm.  Res.  14,  853  (1997). 

15  C.  Plank,  M.  X.  Tang,  A.  R.  Wolfe,  and  F.  C.  Szoka,  Jr.,  Hum.  Gene  Ther.  10,  319  (1999). 

16  T.  Niidome,  N.  Ohmori,  A.  Ichinose,  A.  Wada,  H.  Mihara,  T.  Hirayama,  and  H.  Aoyagi, 
/.  Biol.  Chem.  272,  15307  (1997). 

17  L.  G.  Barron,  L.  S.  Uyechi,  and  F.  C.  Szoka,  Jr.,  Gene  Ther.  6,  1179  (1999). 

18  K.  Hong,  W.  Zheng,  A.  Baker,  and  D.  Papahadjopoulos,  FEBS  Lett.  400,  233  (1997). 

19  G.  Osaka,  K.  Carey,  A.  Cuthbertson,  P.  Godowski,  T.  Patapoff,  A.  Ryan,  T.  Gadek, 
and  J.  Mordenti,  J.  Pharm.  Sci.  85,  612  (1996). 

20  S.  M.  Zou,  P.  Erbacher,  J.  S.  Remy,  and  J.  P.  Behr,  J.  Gene  Med.  2,  128  (2000). 

21  D.  Y.  Kwoh,  C.  C.  Coffin,  C.  P.  Lollo,  J.  Jovenal,  M.  G.  Banaszczyk,  P.  Mullen,  A.  Phillips, 
A.  Amini,  J.  Fabrycki,  R.  M.  Bartholomew,  S.  W.  Brostoff,  and  D.  J.  Carlo,  Biochim. 
Biophys.  Acta.  1444,  171  (1999). 


[32] 


NON-INVASIVE,  NON-VIRAL  GENE  TARGETING 


509 


Targeted 

receptor 


Fig.  1.  (A)  Diagram  showing  the  supercoiled  circular  double-stranded  plasmid  DNA 
encapsulated  in  the  interior  of  a  pegylated  immunoliposome  (PIL).  There  are  approximately 
3000  strands  of  polyethylene  glycol  of  2000-Dalton  molecular  weight,  designated  PEG2000, 
attached  to  the  liposome  surface,  and  l%-2%  of  the  PEG  strands  are  conjugated  with  a 
targeting  monoclonal  antibody  (MAb).  For  gene  targeting  to  the  brain,  a  MAb  directed 
against  the  transferrin  receptor  (TfR)  has  been  used  in  rats22’23  and  mice  24  and  an  antibody 
directed  against  the  human  insulin  receptor  (HIR)  has  been  used  for  drug  targeting  to  human 
cells.37  The  targeted  receptor  could  be  the  TfR,  the  HIR,  or  some  other  receptor.  The 
targeting  MAb  must  be  an  endocytosing  antibody  that  enters  the  cell  on  binding  to  an 
exofacial  epitope  on  the  receptor.  The  MAb  binding  site  on  the  receptor  should  be  spatially 
removed  from  the  binding  site  of  the  endogenous  ligand,  so  as  to  not  interfere  with 
endogenous  transport.  (B)  Transmission  electron  microscopy  of  a  PIL.  The  mouse  MAb 
tethered  to  the  tips  of  the  PEG2000  are  bound  by  a  conjugate  of  10  nm  gold  and  an  anti-mouse 
secondary  MAb.  The  gold  particles  are  bound  to  the  MAb  conjugated  to  the  tip  of  the  PEG 
strand,  which  projects  from  the  surface  of  the  liposome.  The  position  of  the  gold  particles 
illustrates  the  relationship  of  the  PEG-extended  MAb  and  the  liposome.  Original 
magnification  =  245,000. 
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is  housed  in  the  interior  of  a  nanocontainer,  and  the  PIL  formulation  is 
similar  to  the  receptor-mediated  approach  in  that  the  gene  is  targeted 
in  vivo  to  a  specific  receptor.  In  the  PIL  formulation,  a  nonviral  double- 
stranded  supercoiled  plasmid  DNA  is  packaged  in  the  interior  of  a  neutral 
or  slightly  anionic  liposome. 22-24  Packaging  the  DNA  in  the  interior  of 
the  liposome  renders  the  DNA  resistant  to  the  ubiquitous  endonucleases 
that  are  present  in  vivo  and  that  rapidly  degrade  exposed  DNA.25  The  lipo¬ 
some  is  prepared  from  a  mixture  of  neutral  lipid,  such  as  1-palmitoyl- 
2  -  o  I  c  o  y  I  -  s«  -  g  I  y  c  c  r  o  I  -  3  -  p  h  o  s  p  h  o  ch  o  1  i  n  c  (POPC),  cationic  lipid,  such  as 
didodecyldimethylammonium  bromide  (DDAB),  and  anionic  lipid,  such 
as  distearoylphosphatidylethanolamine  (DSPE)  conjugated  to  polye¬ 
thylene  glycol  (PEG).  A  small  amount  of  cationic  lipid  (2-3%  of  the  total 
lipid)  is  included  in  the  lipid  formulation  to  stabilize  the  anionic  DNA. 
The  net  charge  of  the  liposome  is  anionic,  because  there  is  an  excess  of 
DSPE-PEG  relative  to  DDAB  (see  later). 

The  encapsulation  of  DNA  in  the  interior  of  a  conventional  liposome 
would  not  yield  significant  gene  expression  in  vivo ,  because  this  structure 
would  be  immediately  coated  with  serum  proteins  following  intravenous 
injection.  The  protein-coated  liposome  would  be  rapidly  removed  from 
blood  by  cells  lining  the  reticuloendothelial  system  (RES).26  The  blood 
transit  time  can  be  prolonged,  and  uptake  by  the  RES  can  be  minimized 
by  pegylation  of  the  surface  of  the  liposome,  wherein  2000-3000  strands 
of  PEG  of  varying  molecular  weight  (2000-5000  Da)  are  conjugated  to 
the  liposome  lipids.27  The  2000-D  PEG  is  typically  used  and  is  designated 
PEG2000,  and  the  strands  of  PEG  projecting  from  the  surface  of  the 
liposome  are  depicted  in  Fig.  1A.  However,  DNA  encapsulated  in  the  in¬ 
terior  of  pegylated  liposomes  would  not  be  specifically  targeted  to  tissues. 
Organ  targeting  is  accomplished  by  tethering  a  receptor-specific  ligand  to 
the  tips  of  1-2%  of  the  PEG  strands.28  The  targeting  ligand  might  be  an 
endogenous  peptide,  modified  protein,  or  a  peptidomimetic  monoclonal 
antibody  (MAb).  The  conjugation  of  the  targeting  MAb  to  the  tips  of  the 
liposome-anchored  PEG  strands  is  demonstrated  in  Fig.  IB.  The  PIL  was 


22  N.  Shi  and  W.  M.  Pardridge,  Proc.  Natl.  Acad.  Sci.  USA  97,  7567  (2000). 

23  N.  Shi,  R.  J.  Boado,  and  W.  M.  Pardridge,  Pharm.  Res.  18,  1091  (2001). 

24  N.  Shi,  Y.  Zhang,  C.  Zhu,  R.  J.  Boado,  C.  Zhu,  and  W.  M.  Pardridge,  Proc.  Natl.  Acad.  Sci. 
USA  98,  12754  (2001). 

25  K.  W.  C.  Mok,  A.  M.  I.  Lam,  and  P.  R.  Cullis,  Biochim.  Biophys.  Acta.  1419,  137  (1999). 

26  D.  V.  Devine  and  J.  M.  J.  Marjan,  Crit.  Rev.  Ther.  Drug  Carrier  Sys.  14,  105  (1997). 

27  D.  Papahadjopoulos,  T.  M.  Allen,  A.  Gabizon,  E.  Mayhew,  K.  Matthay,  S.  K.  Huang, 
K.  D.  Lee,  M.  C.  Woodle,  D.  D.  Lasic,  and  C.  Redemann,  Proc.  Natl.  Acad.  Sci.  USA  88, 
11460  (1991). 

28  J.  Huwyler,  D.  Wu,  and  W.  M.  Pardridge,  Proc.  Natl.  Acad.  Sci.  USA  93,  14164  (1996). 
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visualized  with  electron  microscopy  after  binding  to  the  PIL-extended 
MAb  a  secondary  anti-mouse  IgG  that  was  conjugated  with  10-nm  gold 
particles. 

The  MAb  binds  an  exofacial  epitope  on  the  targeted  receptor  (Fig.  1A), 
and  this  triggers  receptor-mediated  endocytosis  of  the  PIL.29  The  targeting 
of  genes  to  the  intracellular  compartment  of  cells  following  intravenous  in¬ 
jection  is  a  “two-barrier”  gene-targeting  problem.  The  PIL  must  traverse 
both  the  capillary  endothelial  membrane  (first  barrier)  and  then  cross  the 
plasma  membrane  of  the  tissue  cell  (second  barrier).  For  gene  targeting 
to  the  brain,  the  targeting  ligand  binds  to  a  receptor  (e.g.,  the  transferrin 
receptor  [TfR]  or  the  insulin  receptor)  that  is  present  on  both  the  first 
(capillary)  and  second  (tissue  cell)  barriers.29'30  Binding  to  the  capillary 
endothelial  receptor  triggers  receptor-mediated  transcytosis  of  the  PIL 
across  the  microvascular  endothelial  barrier.  Binding  of  the  targeting 
ligand  to  the  receptor  on  brain  cell  membranes  then  triggers  receptor- 
mediated  endocytosis  of  the  PIL  into  the  target  brain  cell  subsequent  to 
transport  across  the  microvascular  endothelium. 

Gene  targeting  to  tissues  such  as  liver  or  spleen,  which  have  highly 
porous  sinusoidal  capillary  beds,  is  a  one-barrier  gene-targeting  problem, 
because  the  PILs  freely  cross  the  sinusoidal  barrier.23  The  limiting  barrier 
is  endocytosis  across  the  plasma  membrane  of  the  parenchymal  cell  in 
liver  or  spleen.  However,  in  tissues  such  as  heart  or  brain,  which  have  con¬ 
tinuous  endothelial  barriers,  the  exodus  of  the  PIL  from  the  capillary  com¬ 
partment  to  the  organ  interstitial  space  is  minimal  in  the  absence  of 
targeting  of  the  PIL  across  the  endothelial  barrier.  The  endothelial  barrier 
is  tightest  in  the  brain,  and  the  brain  capillary  wall  constitutes  the  blood- 
brain  barrier  (BBB).  Gene  targeting  in  the  brain  is  accomplished  by  using 
a  MAb  to  the  TfR,  which  is  expressed  on  both  the  BBB  and  the  brain  cell 
membrane  (BCM)  22  The  anti-TfR  MAb  is  an  endocytosing  antibody  and 
binds  an  exofacial  epitope  on  the  TfR,  and  this  binding  triggers  receptor- 
mediated  transcytosis  across  the  endothelial  barrier  and  receptor-mediated 
endocytosis  into  brain  cells.31  In  contrast  to  the  brain,  there  is  minimal  TfR 
on  the  capillary  endothelium  in  heart  or  kidney.  Consequently,  the  PIL 
does  not  escape  the  capillary  compartment  in  the  heart  or  kidney,  and 
there  is  no  gene  expression  in  these  organs  when  the  PIL  is  targeted  to 
the  TfR.22-24 


29  J.  Huwyler,  J.  Yang,  and  W.  M.  Pardridge,  J.  Pharmacol.  Exp.  Ther.  282,  1541  (1997). 

30  J.  Huwyler  and  W.  M.  Pardridge,  J.  Neurochem.  70  883  (1998). 

31  W.  M.  Pardridge,  “Brain  Drug  Targeting;  The  Future  of  Brain  Drug  Development.” 
Cambridge  University  Press,  Cambridge,  2001. 
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TABLE  I 

Species-Specific  Peptidomimetic  Monoclonal  Antibodies  for 
Gene  Targeting  to  the  Brain 


Species  to  be  targeted 


Targeting  ligand 


Reference 


Mouse  8D3  rat  MAb  to  mouse  transferrin  receptor 

Rat  0X26  murine  MAb  to  rat  transferrin  receptor 

Rhesus  monkey  83-14  murine  MAb  to  human  insulin  receptor 

Human  Genetically  engineered  chimeric  HIRMAb 


33 
32 

34 

35 


MAb,  monoclonal  antibody;  HIR,  human  insulin  receptor;  HIRMAb.  MAb  against  HIR. 


Peptidomimetic  MAb  targeting  ligands  tend  to  be  species-specific,  and 
a  panel  of  targeting  MAbs  has  been  developed  for  gene  targeting  to  the 
brain  in  different  species  (Table  I).  For  gene  targeting  to  rat  brain,  the 
0X26  murine  MAb  to  the  rat  TfR  is  used.32  However,  the  0X26  MAb  is 
not  active  in  mice.33  Gene  targeting  to  mice,  including  transgenic  mice,  is 
accomplished  with  the  rat  8D3  MAb  to  the  mouse  TfR.33  Gene  targeting 
to  the  primate  brain  can  be  achieved  with  the  murine  83-14  MAb  to  the 
human  insulin  receptor  (HIR).34  The  HIRMAb  cross-reacts  with  the  insu¬ 
lin  receptor  at  both  the  human  BBB  and  the  BBB  of  Old-World  primates, 
such  as  Rhesus  monkeys.  The  HIRMAb  does  not  react  with  the  insulin 
receptor  of  New-World  primates,  such  as  squirrel  monkeys,  because  of 
the  reduced  genetic  similarity  between  humans  and  New-World  primates.34 
The  murine  HIRMAb  cannot  be  used  in  humans  because  of  immunological 
reactions  in  humans  to  proteins  of  mouse  origin.  However,  a  genetically 
engineered  chimeric  HIRMAb  has  been  produced,  and  this  chimeric 
HIRMAb  has  an  affinity  for  the  HIR  that  is  identical  to  that  of  the  original 
murine  MAb.35  The  chimeric  HIRMAb  is  avidly  transported  across  the 
primate  BBB  in  vivo ,  with  2%  of  the  injected  dose  (ID)  being  delivered 
to  the  primate  brain  in  vivo  following  a  single  intravenous  injection.  The 
chimeric  HIRMAb  could  be  used  to  target  therapeutic  genes  to  the  brain 
of  humans. 

One  goal  of  gene  therapy  is  the  widespread  expression  of  the  exogenous 
gene  in  the  targeted  organ  following  noninvasive  administration.  Because 
gene  targeting  technology  was  not  developed,  therapeutic  genes  were 


32  W.  M.  Pardridge,  J.  L.  Buciak,  and  P.  M.  Friden, J.  Pharmacol.  Exp.  Ther.  259,  66  (1991). 

33  H.  J.  Lee,  B.  Engelhardt,  J.  Lesley,  U.  Bickel,  and  W.  M.  Pardridge,  J.  Pharmacol.  Exp. 
Ther.  292,  1048  (2000). 

34  W.  M.  Pardridge,  Y.  S.  Kang,  J.  L.  Buciak,  and  J.  Yang,  Pharm.  Res.  12,  807  (1995). 

35  M.  J.  Coloma,  H.  J.  Lee,  A.  Kurihara,  E.  M.  Landaw,  R.  J.  Boado,  S.  L.  Morrison,  and  W.  M. 
Pardridge,  Pharm.  Res.  17,  266  (2000). 
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delivered  to  the  brain  with  neurosurgical  approaches  such  as  craniotomy. 
In  addition  to  being  highly  invasive,  craniotomy  is  not  a  useful  approach 
to  gene  delivery  to  the  brain,  because  the  effective  treatment  volume 
following  direct  injection  into  the  brain  is  only  the  volume  at  the  tip  of 
the  injection  needle  or  <1  mm3.  Instead,  what  is  desired  is  the  widespread 
expression  of  a  therapeutic  gene  throughout  the  brain  or  any  organ,  and 
this  can  only  be  accomplished  by  targeting  the  therapeutic  gene  through 
the  organ  capillary  bed.  In  the  human  brain,  there  are  400  miles  of  capillar¬ 
ies,  and  the  surface  area  of  the  brain  endothelial  barrier  is  about  20  m2. 
Therefore,  if  an  exogenous  gene  is  targeted  through  the  capillary  wall, 
there  is  immediate  distribution  of  the  gene  throughout  the  entire  organ 
volume. 

Another  goal  of  gene  targeting  is  tissue-specific  expression  of  the  ex¬ 
ogenous  gene  following  intravenous  administration.  One  might  anticipate 
that  the  only  way  the  expression  of  an  exogenous  gene  might  be  restricted 
to  a  particular  organ  is  to  physically  inject  the  gene  into  the  organ.  How¬ 
ever,  tissue-specific  gene  expression  can  be  achieved  with  noninvasive 
intravenous  routes  of  administration  through  the  combined  use  of  (1)  gene¬ 
targeting  technology  and  (2)  tissue-specific  gene  promoters.24  Many  ex¬ 
pression  plasmids  are  driven  by  the  SV40  promoter,  which  is  widely 
expressed  in  most  tissues.  The  intravenous  injection  of  a  /'i-galactosiclasc 
expression  plasmid  that  is  driven  by  the  SV40  promoter,  and  packaged  in 
the  interior  of  OX26-PIL,  results  in  the  expression  of  the  exogenous  gene 
in  multiple  TfR-rich  organs,  including  brain,  liver,  and  spleen.22  24  There  is 
no  measurable  gene  expression  in  TfR-poor  organs,  such  as  the  kidney  or 
heart.22-24  The  SV40  promoter  was  then  replaced  with  a  brain-specific 
promoter,  taken  from  the  5'-flanking  sequence  (FS)  of  the  human  glial 
fibrillary  acidic  protein  (GFAP)  gene.  The  /3-galactosidase  gene,  under 
the  influence  of  the  GFAP  promoter,  was  packaged  in  the  interior  of 
8D3-PIL  and  injected  intravenously  in  mice.24  Under  these  conditions, 
there  was  expression  of  the  exogenous  gene  only  in  the  brain,  with  no 
detectable  gene  expression  in  peripheral  tissues  including  the  liver  or 
spleen.  A  gene  can  be  delivered  to  peripheral  tissues  rich  in  the  targeted 
receptor,  but  there  will  not  be  significant  expression  if  the  gene  is  driven 
by  a  tissue-specific  promoter  that  is  not  transcriptionally  active  in  a  given 
tissue.  This  promoter  will  be  activated  only  by  specific  trans-acting  factors, 
which  are  expressed  in  a  tissue-specific  pattern.  Therefore,  the  limiting 
factor  in  achieving  tissue-specific  gene  expression  in  vivo  with  the  PIL 
gene-targeting  technology  is  the  choice  of  the  promoter-driving  gene 
expression  and  the  tissue  specificity  of  that  promoter. 

Before  using  the  gene  targeting  technology  described  in  the  following, 
the  investigator  needs  to  obtain  access  to  the  following  items  that  are 
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not  readily  commercially  available.  First,  if  a  peptidomimetic  MAb  is  used 
as  the  targeting  ligand  (Table  I),  10  to  100-mg  quantities  of  the  MAb  may 
be  required.  This  necessitates  that  the  hybridoma  secreting  the  MAb  be 
available  and  that  milligram  quantities  of  the  MAb  be  produced  by  either 
propagating  liters  of  hybridoma-conditioned  media  or  by  the  ascites 
method.  Second,  the  targeted  gene  may  be  a  commercially  available 
reporter  gene  such  as  luciferase  or  /3-galactosidase.  However,  if  the 
targeted  gene  is  a  therapeutic  gene,  appropriate  expression  plasmids 
must  be  designed.  Important  elements  in  the  design  of  the  expression 
plasmid  are  the  tissue  specificity  of  the  5'-promoter  or  3'-enhancer  elem¬ 
ents  and  the  activity  of  elements  that  promote  persistence  of  the  gene 
by  means  of  a  extrachromosomal  replication.31  Third,  a  bifunctional  PEG 
derivative  is  required  (Fig.  2A),  and  these  often  must  be  obtained  by 
custom  synthesis.22,28 


Methods 

Maxiprep  of  Plasmid  DNA 

A  typical  PIL  formulation  starts  with  encapsulation  of  150  pg  of 
plasmid  DNA,  and  this  amount  of  plasmid  DNA  can  be  routinely  isolated 
with  the  QIAfilter  Plasmid  Maxi  kit  from  Qiagen,  Inc.  (Valencia,  CA).  The 
Escherichia  coli,  or  other  suitable  host,  that  has  been  transformed  with  the 
plasmid  DNA  is  removed  from  the  freezer,  and  an  aliquot  is  used  to  inocu¬ 
late  150  ml  of  LB  medium.  The  liquid  culture  is  incubated  at  37°  with  vig¬ 
orous  shaking  (200  rpm)  for  20-24  hours  using  a  rotary  water-bath  shaker. 
The  bacterial  pellet  is  harvested  in  250-ml  plastic  bottles  at  6000  g  for 
15  min  at  4°  and  is  resuspended  in  10  ml  of  ice-cold  resuspension  buffer 
PI  (0.05  M  TRIS,  pH  8.0,  10  m M  EDTA).  The  PI  buffer  contains 
100  pg/ml  of  RNase  A.  Ten  milliliters  of  lysis  buffer  P2  (0.2  M  NaOH, 
1%  SDS)  is  added,  and  the  suspension  is  mixed  gently  but  thoroughly 
and  incubated  at  room  temperature  for  5  min.  Vortexing  should  be 
avoided,  because  this  could  shear  the  DNA.  Ten  milliliters  of  cold  neutral¬ 
ization  buffer  P3  (3  M  potassium  acetate,  pH  5.5)  is  added  to  the  lysate, 
and  the  lysate  is  poured  into  the  barrel  of  the  QIAfilter  cartridge  and  incu¬ 
bated  at  room  temperature  for  10  min.  This  10-min  incubation  at  room 
temperature  is  necessary  for  optimal  performance  of  the  QIAfilter  maxi 
cartridge.  The  cartridge  should  not  be  agitated  at  this  time.  Ten  milliliters 
of  equilibration  buffer  QBT  (0.75  M  NaCl,  50  m M  MOPS,  pH  7.0,  15% 
isopropanol,  0.15%  Triton  X-100)  is  added  and  allowed  to  elute  from  the 
column  by  gravity.  This  is  filtered  until  all  lysate  is  passed  from  the  QIAfil¬ 
ter  cartridge,  one  should  not  apply  force.  Approximately  25  ml  of  lysate  is 
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Fig.  2.  (A)  The  structure  of  the  bifunctional  PEG20011  that  contains  a  distearoylphos- 
phatidylethanolamine  (DSPE)  moiety  at  one  end,  for  incorporation  into  a  liposome  surface, 
and  a  maleimide  moiety  at  the  opposite  tip  of  the  PEG  strand,  to  enable  conjugation  to  a 
thiolated  monoclonal  antibody.  (B)  DNA  encapsulated  within  pegylated  liposomes  before 
(lane  2)  and  after  (lane  1)  nuclease  treatment  is  resolved  with  0.8%  agarose  gel 
electrophoresis  followed  by  ethidium  bromide  (Et  Br)  staining.  DNA  molecular  weight  size 
standards  are  shown  on  the  left  side.  Before  nuclease  digestion,  approximately  50%  of  the 
DNA  associated  with  the  pegylated  liposome  is  bound  to  the  exterior  of  the  liposome  (lane  2), 
and  this  is  quantitatively  removed  by  the  nuclease  treatment  (lane  l).22  (C)  The  conjugation 
of  the  MAb  to  the  pegylated  liposome  carrying  the  encapsulated  plasmid  DNA  following 
nuclease  digestion  is  demonstrated  by  Sepharose  CL-4B  gel  filtration  chromatography.  A 
trace  amount  of  the  encapsulated  plasmid  DNA  was  radiolabeled  with  32P,  and  a  trace 
amount  of  the  targeting  MAb  was  radiolabeled  with  3H.  This  study  shows  comigration  in  the 
first  peak  off  the  column  of  the  MAb,  which  is  conjugated  to  the  PEG2000  strand,  and  the 
plasmid  DNA,  which  is  encapsulated  in  the  interior  of  the  liposome.  The  unconjugated  MAb 
and  the  exteriorized,  digested  DNA  elute  from  the  column  at  later  elution  volumes.37  (D)  The 
mean  diameter  of  pegylated  immunoliposomes  with  encapsulated  plasmid  DNA  is  73  nm  as 
determined  by  quasielastic  light  scattering.22 


generally  recovered  after  filtration.  The  Qiagen-tip  is  washed  with  wash 
buffer  QC  (1  M  NaCl,  50  ml  MOPS,  pH  7.0,  15%  isopropanol)  and  the 
DNA  is  with  eluted  15  ml  of  elution  buffer  QF  (1.25  M  NaCl,  50  m M 
MOPS,  pH  8.5,  15%  isopropanol),  the  eluate  is  collected  in  50-ml  Nalgene 
Oak  Ridge  centrifuge  tubes  (polycarbonate  centrifuge  tubes  should  not  be 
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used).  The  DNA  is  precipitated  by  adding  10.5  ml  (0.7  volumes)  of  room 
temperature  2-propanol  to  the  eluted  DNA.  This  is  centrifuged  at 
15,000  g  for  30  min  at  4°  and  the  supernatant  is  carefully  decanted.  All  so¬ 
lutions  should  be  kept  at  room  temperature  to  minimize  salt  precipitation, 
although  centrifugation  is  carried  out  at  4°  to  prevent  overheating  of  the 
sample.  The  DNA  pellet  is  washed  with  5  ml  of  room  temperature  70% 
ethanol  and  centrifuged  at  15,000g  for  10  min  at  4°.  The  supernatant 
is  carefully  decanted  the  pellet  is  air-dried  for  5-10  min,  and  the  DNA  is 
dissolved  in  a  suitable  volume  of  TE  buffer  (0.01  M  TRIS,  pH  =  8.0, 
0.1  mill  ethylenediamine  tetraacetic  acid  [EDTA]).  The  concentration  of 
the  DNA  is  determined  by  measurement  of  the  A260.  An  A26o  of  1.0  is 
equivalent  to  a  DNA  concentration  of  50  /ig/ml.  Overdrying  the  pellet  will 
make  the  DNA  difficult  to  redissolve.  DNA  dissolves  best  under  alkaline 
conditions  and  is  not  easily  dissolved  in  acidic  buffers  because  of  protona¬ 
tion  of  the  phosphate  groups.  A  typical  Maxiprep  procedure  should  gener¬ 
ate  750-1250  pg  of  DNA,  which  is  enough  for  several  PIL  preparations. 

Labeling  of  Plasmid  DNA  by  Nick  Translation 

A  small  aliquot  of  the  plasmid  DNA  should  be  j2P-labeled  by  nick 
translation,  so  that  the  encapsulation  of  the  DNA  in  the  interior  of  the 
PIL  can  be  confirmed  and  quantitated.  The  Nick  Translation  kit  is  obtained 
from  Life  Technologies,  Inc.  (Gaithersburg,  MD)  and  contains  the  DNA 
polymerase  I-DNasel  mixture,  deoxynucleotide  triphosphates  (dNTP) 
minus  deoxycytidine  triphosphate  (dCTP),  and  stop  buffer.  Sephadex- 
G25  (fine)  spin  columns  are  obtained  from  Roche  (Indianapolis,  IN).  To 
a  1.5-ml  microfuge  tube,  5  pi  of  the  dNTP  mixture,  1  pi  of  plasmid  DNA 
(1-2  pg),  4  pi  (40  pCi)  32P-dCTP,  and  35  pi  of  distilled  water  are  added. 
Following  the  manufacturer’s  instructions,  the  DNA  polymerase  I/DNase 
I  is  added,  the  mixture  is  incubated  for  60  min  at  15°,  and  the  reaction  is 
stopped  with  addition  of  EDTA  stop  buffer.  The  unincorporated  nucleot¬ 
ides  are  removed  with  a  G25  spin  column,  and  the  percent  of  radioactivity 
that  is  precipitated  by  trichloroacetic  acid  (TCA)  should  be  measured.  An 
aliquot  of  radioactivity  is  removed,  2.5%  bovine  serum  albumin  (BSA)  is 
added  as  a  carrier,  and  the  DNA  is  precipitated  by  the  addition  of  10%  cold 
TCA.  More  than  95%  of  the  radioactivity  should  be  precipitated  by  TCA. 
If  this  is  not  observed,  there  may  have  been  problems  with  the  gel  filtration 
spin  column  and  removal  of  unreacted  radiolabeled  dCTP.  There  can  be 
degradation  of  the  plasmid  DNA  during  this  procedure,  and  the  TCA 
precipitability  will  not  detect  partial  degradation.  Plasmid  DNA  degrad¬ 
ation  is  best  assessed  with  agarose  gel  electrophoresis  (see  later)  and  film 
autoradiography. 
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Liposome  Formation  and  DNA  Encapsulation 

POPC  (MW  =  760  D)  and  DDAB  (MW  =  631  D)  are  obtained  from 
Avanti  Polar  Lipids  (Alabaster,  AL).  The  DSPE-PEG2000  (MW  =  2748  D) 
is  obtained  from  Shearwater  Polymers  as  a  catalog  item.  A  bifunctional 
PEG2000  derivative  with  a  DSPE  moiety  at  one  terminus  and  a  maleimide 
(MAL)  moiety  at  the  other  end  is  custom  synthesized  by  Shearwater  Poly¬ 
mers  (MW  =  2955  D).  If  stored  properly,  the  DSPE-PEG2000-MAL  reagent 
is  stable  for  at  least  a  year.  The  LipoFast™ -Basic  extruder  and  the  400-, 
200-,  100-,  and  50-nm  pore-sized  polycarbonate  membranes  are  obtained 
from  Avestin  (Ottawa,  Canada).  A  total  of  20  pmol  of  lipids  is  typically  used 
for  a  PIL  preparation  involving  the  encapsulation  of  150-250  //g  of  plasmid 
DNA.  To  a  test  tube  containing  1  ml  of  chloroform,  97  /zl  of  146  mg/ml  of 
POPC  in  chloroform  (18.6  //mol),  60  /d  of  10  m M  DDAB  (0.6  //mol,  3% 
final  concentration),  100  /tl  of  16.4  mg/ml  DSPE-PEG2000  (0.6  //mol,  3% 
final  concentration),  and  120  //I  of  5  mg/ml  DSPE-PEG2000-maleimide 
(0.2  //mol,  1%  final  concentration)  are  added.  Although  DSPE  is  an  electric¬ 
ally  neutral  lipid,  DSPE-PEG  or  DSPE-PEG-maleimide  are  anionic  lipids. 
The  total  concentration  of  anionic  lipids  in  the  formulation  is  4%,  and 
the  total  concentration  of  cationic  lipids  is  3%,  so  the  net  charge  of  the 
liposome  is  anionic.  Lipids  are  stored  under  a  nitrogen  atmosphere. 
Following  mixing  of  the  lipids,  the  chloroform  is  evaporated  under  a  stream 
of  nitrogen  while  it  is  vortexed  to  produce  a  thin-layer  lipid  film.  This 
should  be  performed  continuously  without  interruption,  and  the  lipid  film 
should  dry  well  and  sit  at  room  temperature  for  at  least  30  min  before 
going  to  the  next  step.  Then,  0.2  ml  of  0.05  M  TRIS,  pH  =  7.4  is  added 
to  produce  a  total  lipid  concentration  of  approximately  100  m M.  This  solu¬ 
tion  is  vortexed  three  to  four  times  and  sonicated  for  2  min  with  a  bath 
sonicator;  it  is  vortexed  again  for  approximately  1  min.  Then,  150  /zg  of 
plasmid  DNA  and  2  //Ci  of  32P-DNA  in  a  total  volume  of  approximately 
300  //I  is  added,  and  the  total  32P  radioactivity  is  determined.  This  CPM 
is  designated  “A”  and  is  used  for  subsequent  calculations  (see  later).  An 
ethanol-dry  ice  bath  is  prepared,  and  the  lipids  undergo  a  freeze-thaw 
cycle  for  a  total  of  10  times  with  placement  in  the  ice  bath  for  5  min 
followed  by  thawing  at  40°  for  1.5-2  min.  Before  the  freeze-thaw  cycles, 
if  air  bubbles  are  visible  in  the  lipid  solution,  the  solution  should  be  allowed 
to  sit,  or  an  additional  two  to  three  freeze-thaw  cycles  should  be 
performed,  so  as  to  eliminate  the  air  bubbles,  because  these  inhibit  DNA 
encapsulation.  At  this  point,  0.05  M  HEPES,  pH  =  7.0,  is  added  to  a  final 
volume  of  500  //I  (40  m M  lipid),  and  the  solution  is  mixed  well  by  tapping. 
Two  stacked  400-nm  polycarbonate  filters  are  inserted  into  a  washed  extru¬ 
der  and  the  liposome  and  DNA  mixture  is  forced  through  the  extruder;  the 
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extrusion  is  repeated  seven  times.  Then,  the  mixture  is  forced  five  times 
through  the  extruder  containing  two  stacked  200-nm  polycarbonate  filters. 
Finally,  the  lipids  should  be  forced  three  to  four  times  through  two  stacked 
polycarbonate  filters  with  a  pore  size  of  100  nm.  Depending  on  the  results 
of  the  liposome  sizing  experiments,  it  may  be  preferable  to  extrude  the  so¬ 
lution  through  an  additional  two  stacked  polycarbonate  filters  with  a  pore 
size  of  50  nm,  so  that  the  mean  diameter  of  the  P1L  is  less  than  100  nm. 
There  is  a  tradeoff,  because  smaller  size  liposomes  are  presumably  transcy- 
tosed  easier  but  encapsulate  DNA  less  efficiently.  A  compromise  is 
achieved  by  preparing  liposomes  with  diameters  in  the  range  of  75- 
100  nm.  At  this  point,  approximately  half  of  the  DNA  has  been  interior- 
ized  in  the  liposome,  and  half  remains  absorbed  to  the  surface  of  the  lipo¬ 
some.  The  exterior  bound  DNA  can  interfere  with  conjugation  of  the 
thiolated  targeting  ligand  to  the  maleimide  moiety  on  the  DSPE- 
PEG2000-MAL.  Therefore,  the  exteriorized  DNA  is  removed  by  nuclease 
digestion.36 

Nuclease  Digestion 

Pancreatic  endonuclease  I  is  obtained  from  Sigma  (St.  Louis,  MO),  and 
exonuclease  III  is  obtained  from  GIBCO-BRL.  The  extruded  pegylated 
liposome-DNA  mixture  is  added  to  a  1.5-ml  microfuge  tube  followed  by 
addition  of  3  pi  (6  units)  of  DNAse  I,  0.5  pL  (33  units)  of  exonuclease 
III,  and  5  pi  of  500  m M  MgCl2  to  yield  a  final  MgCl2  concentration  of 
5  mM.  The  solution  is  incubated  at  37°  for  60  min,  and  the  nuclease  reac¬ 
tion  is  stopped  by  the  addition  of  20  pi  of  0.5  M  EDTA,  pH  =  8.0  (to  yield 
a  final  EDTA  concentration  of  20  mM).  The  32P  should  be  counted  (desig¬ 
nated  “B”).  The  ratio  of  the  [“B”/“A”]  radioactivity  allows  for  calculation 
of  the  loss  of  DNA  (and  lipid)  because  of  the  dead  volume  of  the  extruder. 
The  targeting  ligand  or  MAb  should  be  thiolated  in  parallel  with  the  nucle¬ 
ase  digestion  step,  and  the  PIL  should  be  formed  by  overnight  conjugation 
by  mixing  the  nuclease-treated  pegylated  liposomes  and  the  thiolated 
MAb.  The  efficacy  of  the  nuclease  treatment  can  be  assessed  with  0.8% 
agarose  gel  electrophoresis  and  ethidium  bromide  staining  (Fig.  2B). 

Monoclonal  Antibody  Thiolation 

To  a  glass  tube,  3.0  mg  of  MAb  (300  pi  of  a  10  mg/ml  solution 
or  20  nmol  of  MAb)  is  added  followed  by  addition  of  2  pCi  of  either 
’H-labeled  MAb  or  125l-labeled  MAb  (10-20  pi  of  a  stock  solution  of 
100-200  pCi/ml)  (The  MAb  can  be  labeled  with  125I  and  chloramine  T  or 

36  P.  A.  Monnard,  T.  Oberholzer,  and  P.  Luisi,  Biochim.  Biophys.  Acta.  1329,  39  (1997). 
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labeled  with  3H-/V-succinimidyl  propionate).  An  appropriate  volume  of 
0.15  M  sodium  borate,  pH  =  8.5,  0.1  m M  EDTA,  is  added  to  yield  a  final 
sodium  borate  concentration  of  approximately  0.05  M.  Then,  12.2  pi  of 
9.1  mg/ml  of  fresh  Traut’s  reagent  (2-iminothiolane)  is  added.  The  solution 
is  incubated  at  room  temperature  for  60  min,  and  the  H  or  125I  radioactiv¬ 
ity  is  counted  (designated  “X”).  The  unreacted  Traut’s  reagent  is  removed 
from  the  thiolated  MAb  using  a  Centriprep-30  concentration  filter 
(Amicon,  Millipore,  Billerica,  MA).  The  mixture  is  added  to  the  concentra¬ 
tor,  and  the  volume  is  brought  to  20  ml  with  0.05  M  HEPES,  pH  =  7.4,  and 
0.1  mill  EDTA  (HE  buffer),  and  the  volume  is  reduced  to  2  ml  by  centri¬ 
fugation  at  2700  rpm  for  approximately  60  min  at  4°.  This  cycle  is  repeated 
one  more  time  with  a  final  reduction  of  the  volume  to  approximately  1  ml. 
An  aliquot  should  be  removed  for  counting  radioactivity  to  determine 
whether  there  is  significant  loss  of  the  MAb  during  the  Centriprep-30 
buffer  exchange.  The  loss  of  MAb  at  this  step  does  not  alter  calculations 
of  MAb  conjugation,  because  the  latter  is  based  on  the  specific  activity  of 
the  MAb,  which  is  the  pCi  of  radiolabeled  MAb  per  milligram  of  unlabeled 
MAb  added  at  the  beginning  of  the  MAb  thiolation.  The  thiolated  MAb  is 
transferred  to  a  small  bottle  that  can  be  capped  with  a  rubber  stopper,  and 
the  liposome-DNA  mixture  is  added  to  the  thiolated  MAb  and  mixed 
gently.  The  bottle  is  capped  with  an  air-tight  stopper,  and  the  air  phase  is 
flushed  with  nitrogen  and  rocked  slowly  overnight  at  room  temperature. 

Pegylated  Immunoliposome  Purification  with  Gel 
Filtration  Chromatography 

The  next  day  the  conjugated  PIL  is  applied  to  a  1.5  x  20-cm  column 
of  Sephacryl  CL-4B  and  eluted  with  0.05  M  HEPES,  pH  =  7.0,  and  1-ml 
fractions  are  collected  with  a  flow  rate  of  1  ml/min  controlled  by  a  chroma¬ 
tography  pump.  For  all  tubes  off  the  column,  take  100  pi  and  count  in 
10  ml  of  Ultima-gold  (Packard)  for  either  3H/32P  or  125i/32p  in  a  liquid 
scintillation  counting  (LSC)  spectrometer.  The  DNA  is  labeled  with  32P, 
and  the  MAb  is  labeled  with  either  125I  or  3H.  For  3H/32P  counting,  count 
3H  in  a  window  of  0-16  keV  and  count  32P  in  a  window  of  16-1700  keV; 
there  is  no  3H  spillover  in  the  32P  channel,  and  there  is  about  2%  spillover 
of  32P  into  the  3H  channel.  This  spillover  correction  should  be  performed 
when  needed.  For  simultaneous  counting  of  125I/32P,  count  125I  in  a  window 
of  0-100  keV  and  count  32P  in  a  window  of  100-1700  keV;  there  is  no  125I 
spillover  in  the  32P  channel,  and  there  is  about  a  26%  spillover  of  32P  into 
the  125I  channel,  and  this  spillover  correction  should  be  performed.  For 
either  the  radiolabeled  DNA  or  the  radiolabeled  MAb,  there  will  be  two 
peaks  off  the  CL-4B  column.  The  first  peak  is  the  PIL  elution,  and  there 
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should  be  an  exact  comigration  of  the  radiolabeled  DNA  encapsulated  in 
the  interior  of  the  PIL  and  the  radiolabeled  MAb  conjugated  to  the  tips 
of  the  PEG  strands  (Fig.  2C).  At  a  later  elution  time,  the  unconjugated 
radiolabeled  MAb  should  be  detected  followed  by  degraded  DNA  and 
free  nucleotides  generated  in  the  nuclease  treatment  step  (Fig.  2C). 
The  DNA  and  MAb  radioactivity  in  the  first  (PIF)  peak  should  be  deter¬ 
mined,  and  the  DNA  counts  are  designated  “C”  and  the  MAb  radioactivity 
is  designated  “Y.”  It  is  also  useful  to  check  the  TCA  precipitability  of 
the  PIF,  and  this  radioactivity  should  be  more  than  95%  precipitable  by 
TCA.  The  diameter  of  the  PIF  can  be  determined  with  quasielastic 
light-scattering  methods27  and  should  be  <100  nm  (Fig.  2D). 

Calculations 

The  two  principal  parameters  that  are  used  to  assess  the  quality  of  the 
PIL  formulation  are  (1)  the  amount  of  DNA  encapsulated  in  the  interior  of 
the  PIL  and  (2)  the  number  of  MAb  molecules  conjugated  to  the  PIL.  A 
typical  DNA  encapsulation  is  20%,  and  35-65  MAb  molecules  are  usually 
conjugated  per  PIL.  For  calculation  of  the  number  of  MAb  molecules  con¬ 
jugated  per  PIL,  it  is  assumed  that  there  are  100,000  lipid  molecules  in  a 
100-nm  diameter  liposome.28  Given  this  parameter,  it  can  be  calculated 
that  there  are  1.2  x  1014  liposome  particles  in  20  //mol  of  lipid.  The  mole 
of  conjugated  MAb  is  determined  from  the  total  CPM  in  the  first  peak 
off  the  CL-4B  column  (Y)  divided  by  the  MAb-specific  activity  (CPM/ 
mol).  The  MAb-specific  activity  is  the  total  CPM  in  fraction  X  divided  by 
20  nmol  of  initial  MAb.  The  number  of  MAb  molecules  conjugated  in  peak 
“Y”  is  divided  by  the  number  of  liposomes  (1.2  x  1014)  and  corrected  for 
the  loss  of  lipid  in  the  dead  space  of  the  extruder  (Z),  where 

Z  =  1  -  (B/A) 

The  loss  of  lipid  with  the  extruder  step  is  assumed  to  be  equal  to  the  loss 
of  DNA.  The  percent  of  DNA  encapsulated  in  the  liposomes  is  determined 
from  [“C”/“A”]  x  100,  and  the  fractional  encapsulation  is  multiplied 
by  the  total  micrograms  of  initial  DNA  (e.g.,  150  //g)  to  determine  the  total 
micrograms  of  encapsulated  DNA.  If  the  number  of  MAb  molecules  con¬ 
jugated  per  liposome  is  <10-15,  and/or  the  percent  of  DNA  encapsulation 
is  <10%,  the  synthesis  of  the  PIL  should  probably  be  repeated. 

Sterilization  of  Pegylated  Immunoliposome  for  Tissue  Culture  Experiments 

If  the  PIL  is  used  for  tissue  culture,  the  TRIS  and  HEPES  buffers  should 
be  sterilized  by  extrusion  through  a  0.22-pm  Millipore  (Billerica,  MA)  filter. 
All  the  plastic  and  glass  tubes  and  pipet  tips  should  be  autoclaved  before  the 
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experiment.  Once  the  PIL  is  ready  for  addition  to  cultured  cells,  the  PIL  is 
sterilized  by  extrusion  through  a  0.22-pm  Millipore  filter  unit  (SLGV  R25 
LS,  Millipore  Corp.).  The  recovery  of  either  the  DNA  or  the  MAb  is  >95% 
after  filtration  sterilization.37  If  this  sterilized  PIL  is  reapplied  to  the  CL-4B 
column,  all  of  the  DNA  and  MAb  elute  in  the  first  PIL  peak,  indicating  the 
Millipore  filtration  does  not  disrupt  the  PIL.37 

Organ  Luciferase  Measurements 

At  various  days  after  a  single  intravenous  injection  of  the  PIL  carrying  a 
luciferase  expression  plasmid,  the  animal  is  killed,  and  the  brain  or  other 
organs  are  removed.  The  organs  (about  0.5  g)  are  homogenized  in  2  ml 
of  lysis  buffer  (0.1  M  potassium  phosphate,  pH  =  7.8,  1%  Triton  X-100, 
1  m M  dithiothreitol,  and  2  mM  EDTA)  using  a  Polytron  homogenizer. 
The  homogenate  is  centrifuged  at  14,000  rpm  for  10  min  at  4°,  and  the 
supernatant  is  subsequently  frozen  for  later  use  for  measurements  of  tissue 
luciferase  activity  with  a  luminometer  (Biolumat  LB  9507,  Berthold, 
Bundoora,  Victoria,  Australia);  100  //I  of  reconstituted  luciferase  substrate 
(Promega,  Madison,  WI)  is  added  to  20  pi  of  tissue  extract.  The  peak  light 
emission  is  measured  for  10  s  at  20°  and  recorded  as  relative  light  units 
(RLU).  Recombinant  luciferase  (Promega)  is  assayed  in  parallel  to  estab¬ 
lish  a  standard  curve,  and  the  standard  curve  is  used  to  convert  the  RLU 
into  picograms  of  luciferase  activity.  The  protein  content  in  the  tissue  ex¬ 
tract  is  measured  with  the  bicinchoninic  acid  (BCA)  protein  assay  reagent 
(Pierce  Chemical  Co.),  and  the  final  organ  luciferase  activity  is  expressed 
as  picograms  of  luciferase  per  milligram  of  tissue  protein.  For  studies  in 
mice,  the  pGL3-control  luciferase  expression  plasmid  driven  by  the  SV40 
promoter  is  obtained  from  Promega  and  encapsulated  in  the  interior  of 
8D3-PIL.  Adult  male  B ALB/c  mice  (25-30  g)  are  injected  intravenously 
with  the  8D3-PIL  at  a  dose  of  5  pg  plasmid  DNA  per  mouse.  Organ  lucifer¬ 
ase  is  measured  at  48  and  72  h  after  a  single  intravenous  injection 
(Table  II).  These  data  show  expression  of  the  luciferase  gene  in  TfR-rich 
organs  of  the  mouse,  such  as  brain,  liver,  spleen,  and  lung,  with  background 
levels  of  gene  expression  in  TfR-poor  organs,  such  as  heart  or  kidney.  The 
luciferase  levels  at  72  h  in  the  TfR-rich  organs  range  from  50-75%  of  the 
luciferase  level  at  48  h  after  intravenous  injection  (Table  II).  At  72  h  after 
intravenous  administration,  the  level  of  luciferase  expression  in  brain  and 
spleen  is  comparable  and  is  about  one-third  the  level  in  liver  (Table  II). 

The  luciferase  expression  levels  in  Table  II  demonstrate  the  marked  dif¬ 
ferences  in  organ  specificity  of  gene  expression  using  the  PIL  technology, 
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Y.  Zhang,  H.  J.  Lee,  R.  J.  Boado,  and  W.  M.  Pardridge,  J.  Gene  Med.,  4,  183  (2002). 
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TABLE  II 

Organ  Luciferase  Activity  in  the  Mouse  After  a  Single 
Intravenous  Injection  of  pGL3-Control  Plasmid  DNA 
Encapsulated  in  8D3  Pegylated  Immunoliposomes24 


Picograms  luciferase/mg  protein 


Organ  48  h  72  h 


Brain 

0.76 

± 

0.09 

0.50 

± 

0.10 

Heart 

0.015 

± 

0.001 

0.018 

± 

0.004 

Liver 

3.1 

± 

0.5 

1.4 

± 

0.1 

Spleen 

1.1 

± 

0.1 

0.52 

± 

0.11 

Lung 

0.74 

± 

0.06 

0.34 

± 

0.09 

Kidney 

0.0092 

± 

0.0009 

0.0082 

± 

0.0003 

Data  are  mean  ±  SE  (n  =  5  mice  per  time  point).  Mice  were 
administered  a  single  intravenous  injection  of  5  /rg/mouse  of  pGL3 
plasmid  DNA  encapsulated  in  8D3-PIL. 

PIL,  pegylated  immunoliposome. 


compared  with  either  viral  vectors  or  cationic  liposomes.  With  the  PIL 
gene  targeting  approach,  the  gene  expression  in  the  lung  is  comparable  to 
brain  and  is  less  than  gene  expression  in  spleen  or  liver.  The  opposite  is 
observed  with  cationic  liposome-DNA  formulations,  wherein  >99%  of 
gene  expression  is  observed  in  the  lung,17’18  <1%  in  liver  or  spleen,  and 
0%  in  brain.19  Gene  expression  in  the  lung  is  principally  in  the  pulmonary 
endothelial  compartment38  as  a  result  of  precipitation  of  the  aggregated 
cationic  liposome-DNA  mixture  in  the  lung  circulation.  The  intravenous 
injection  of  adenoviral  vectors  in  the  mouse  results  in  >90%  of  the  exogen¬ 
ous  gene  expression  in  the  liver  because  of  rapid  entrapment  of  adenovirus 
by  liver  cells.39  In  contrast,  with  the  PIL  drug-targeting  technology,  an 
exogenous  gene  is  expressed  in  organs  in  a  pattern  that  is  predicted 
from  the  specificity  of  the  targeting  MAb  and  the  tissue  distribution  of 
the  targeted  receptor.  Luciferase  expression  in  organs  such  as  liver  or 
spleen  reflects  the  fact  that  these  are  TfR-rich  organs.  Expression  in  liver 
or  spleen  is  not  due  to  nonspecific  uptake  of  the  PIL  by  the  RES  cells  in  these 
organs.  For  example,  when  a  nonspecific  rat  IgG  is  used  in  lieu  of  the  rat  8D3 
MAb  and  the  exogenous  gene  is  encapsulated  in  rat  IgG-PIL  and  injected 
into  mice,  there  is  no  gene  expression  in  liver,  spleen,  or  brain.24  Similarly, 


38  H.  E.  J.  Hofland,  D.  Nagy,  J.  J.  Liu,  K.  Spratt,  Y.  L.  Lee,  O.  Danos,  and  S.  M.  Sullivan, 
Pharm.  Res.  14,  742  (1997). 

39  K.  R.  Zinn,  J.  T.  Douglas,  C.  A.  Smyth,  H.  G.  Liu,  Q.  Wu,  V.  N.  Krasnykh,  J.  D.  Mountz, 
D.  T.  Curiel,  and  J.  M.  Mountz,  Gene  Ther.  5,  798  (1998). 


[32] 


NON-INVASIVE,  NON-VIRAL  GENE  TARGETING 


523 


when  the  0X26  MAb  is  replaced  by  a  mouse  IgG2a  isotype  control  antibody 
and  IgG2a-PIL  is  prepared,  there  is  no  expression  of  the  exogenous  gene  in 
liver  or  spleen  in  the  rat  (Fig.  3).  These  results  indicate  the  PIL  is  targeted 
to  tissues  on  the  basis  of  the  receptor  specificity  of  the  targeting  ligand,  with 
minimal  nonspecific  uptake  of  the  PIL  by  the  RES.2  ’ 

The  organ  luciferase  activity  in  the  mouse  following  the  administration 
of  8D3-PIL  is  obtained  with  the  intravenous  injection  of  only  5  pg  DNA/ 
25  g  mouse,  which  is  200  //g/kg  (Table  II).  A  similar  level  of  luciferase 
activity  is  observed  in  rat  tissues,  with  the  pGL3-control  plasmid  packaged 
in  OX26-PIL  and  administered  at  an  intravenous  dose  of  5  ^ig/250  g  rat, 
which  is  a  dose  of  only  20  //g/kg.  Because  of  the  inefficiency  of  cationic 
liposomes  in  vivo ,  it  is  necessary  to  inject  large  amounts  of  DNA,  ranging 
from  30-100  /ig  per  mouse1718  or  doses  up  to  5000  //g/kg.  The  administra¬ 
tion  of  such  large  amounts  of  DNA  can  cause  inflammation  even  with  non- 
viral  gene  delivery  systems,  owing  to  the  inflammatory  response  to  large 
doses  of  exogenous  DNA.411  The  PIL  gene-targeting  approach  allows  for 
tissue  expression  of  exogenous  genes  following  the  administration  of  rela¬ 
tively  low  doses  of  systemic  DNA  ranging  from  20-200  //g/kg.  This  dosage 
may  be  reduced  further  with  advances  in  plasmid  DNA  formulation  that 
enable  persistence  of  gene  expression.31  The  inclusion  in  the  plasmid  of 
the  Epstein  Barr  nuclear  antigen  (EBNA)-l  gene  element  allows  for  per¬ 
sistence  of  extrachromosomal  replication  in  human,  but  not  rodent,  cells.37 
The  administration  of  luciferase  expression  plasmids  carrying  the  EBNA- 
1  gene  to  human  cells  with  the  HIRMAb-PIL  gene  targeting  system  yields 
cell  luciferase  levels  that  are  >100  pg/mg  protein.37  The  level  of  luciferase 
gene  expression  in  cultured  cells  with  the  HIRMAb-PIL  gene-targeting 
system  is  comparable  to  that  obtained  with  lipofectamineE7 

//-  Galactosidase  Histochemistry 

An  alternative  reporter  gene  other  than  luciferase  is  Escherichia  coli  (3- 
galactosidase,  and  expression  plasmids  encoding  for  E.  coli  //-galactosidase 
are  readily  available  commercially.  The  advantage  of  using  //-galactosidase 
as  a  reporter  gene  is  that  histochemistry  can  be  used  to  identify  the  cellular 
location  of  gene  expression  (Fig.  3).  At  various  times  after  a  single  intra¬ 
venous  injection  of  a  //-galactosidase  gene  encapsulated  in  the  interior 
of  the  PIL,  organs  are  removed  and  rapidly  frozen  in  powdered  dry  ice 
and  dipped  in  Tissue-tek  OCT  embedding  medium.  Then,  18-/zm  frozen 
sections  are  prepared  on  a  cryostat  and  stored  at  —70°.  The  sections  are 


40 


J.  Norman,  W.  Denham,  D.  Denham,  J.  Yang,  G.  Carter,  A.  Abouhamze,  C.  L.  Tannahill, 
S.  L.  D.  MacKay,  and  L.  L.  Moldawer,  Gene  Ther.  7,  1425  (2000). 


Fig.  3.  /3-Galactosidase  histochemistry  of  mouse  (A-H)  and  rat  (I-L)  tissues  48  h  after  a  single  intravenous  injection  of  a  /3-galactosidase 
expression  plasmid  encapsulated  in  the  interior  of  pegylated  immunliposomes  (PIL)  conjugated  with  either  the  8D3  (A-H)  or  0X26  (I-L) 
MAb.23’24  (A-D)  Coronal  sections  through  the  mouse  brain  at  the  level  of  the  septostriatum,  the  rostral  diencephalon,  the  rostral 
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fixed  at  room  temperature  in  0.5%  glutaraldehyde/0.1  M  phosphate  buffer 
(pH  =  7.0)  for  5  min.  The  /3-galactosidase  histochemistry  is  performed  with 
5-bromo-4-chloro-3-indoyl-/i-D-galactoside  (X-gal).  A  kit  for  X-GAL 
histochemistry  is  available  from  Invitrogen.  The  slides  are  developed 
with  the  X-gal  chromagen  overnight  at  37°  in  a  humidified  chamber.  Before 
coverslipping,  the  air-dried  slides  are  scanned  with  a  1200  dpi  UMAX 
flatbed  scanner  with  transluminator  and  cropped  in  Adobe  Photoshop 
5.5  with  a  G4  Power  Macintosh.  Scanned  images  are  shown  in  Fig.  3 
(A-E,  I-L).  After  scanning,  the  slides  are  coverslipped  for  light  microscopy 
(F-H  of  Fig.  3). 

The  /3-galactosidase  histochemistry  assay  should  be  performed  with 
care,  because  it  is  possible  to  have  both  false-negative  and  false-positive 
results.  False-negative  results  are  obtained  when  there  is  no  blue  histo- 
chemical  product  following  the  overnight  X-gal  incubation.  It  is  essential 
to  use  only  polypropylene  tubes  and  pipe!  tips  with  the  X-gal  histochemical 
assay.  The  X-gal  will  precipitate  on  polystyrene  surfaces  and  yield  false¬ 
negative  results.  If  care  is  not  taken  to  maintain  the  pH  at  7.0,  false-positive 
results  can  be  obtained  if  the  overnight  incubation  is  performed  under  con¬ 
ditions  of  acidic  pH.  There  is  /3-galactosidase-like  enzyme  activity  in  the 
mammalian  lysosome  that  is  activated  at  pH  4-5. 41,42  Lysosomal  activity 
will  give  a  false  histochemical  product  under  acidic  pH  conditions.  False¬ 
positive  results  can  be  eliminated  by  maintaining  the  pH  at  7.0  and  can 
be  tracked  by  performing  parallel  histochemistry  on  tissues  obtained  from 
control  or  uninjected  mice.  The  endogenous  /3-galactosidase-l i kc  activity 
in  rat  kidney  is  very  high  and  is  readily  detectable  even  at  pH  7.0.  There¬ 
fore,  control  mouse  kidney  should  be  examined  in  all  /3-galactosidase 
assays  to  confirm  that  there  are  no  false-negatives  results  in  the  histochem¬ 
ical  assay.  If  there  is  no  substantial  /3-galactosidase  histochemical  activity  in 
both  the  cortex  and  medulla  of  control  rat  or  mouse  kidney,  the  assay  was 

41  D.  J.  Weiss,  D.  Liggitt,  and  J.  G.  Clark,  Histochem.  J.  31,  231  (1999). 

42  J.  Sanchez-Ramos,  S.  Song,  M.  Dailey,  F.  Cardozo-Pelaez,  C.  Hazzi,  T.  Stedeford, 
A.  Willing,  T.  B.  Freeman,  S.  Saporta,  T.  Zigova,  P.  R.  Sanberg,  and  E.  Y.  Snyder,  Cell 
Transplant.  9,  657  (2000). 


mesencephalon,  and  the  caudal  mesencephalon,  respectively.  Expression  of  the  exogenous  gene 
throughout  the  brain  is  shown.  (D)  A  counterstained  scanned  image  of  the  mouse  cerebellum. 
Light  microscopy  of  selected  regions  of  the  mouse  brain  are  shown  for  the  cerebellum  (F),  the 
hippocampus  (G),  and  the  temporoparietal  cortex  (H).  The  /3-galactosidase  gene  is  expressed 
widely  throughout  the  rat  liver  (I)  and  spleen  (K)  following  the  administration  of  0X26  PIL. 
However,  if  the  0X26  MAb  is  replaced  on  the  pegylated  liposome  by  a  mouse  IgG2a  isotype 
control,  there  is  no  /3-galactosidase  gene  expression  in  liver  (J)  or  spleen  (L).  The  magnification 
bars  are  600  pm,  250  ;im,  70  pm.  and  70  pm  in  E-H,  respectively.  The  magnification  bar  in  I  is 
2.1  mm.  The  only  section  that  was  counterstained  is  E.  (See  color  insert.) 
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not  performed  properly.  A  greater  histochemical  reaction  product  is 
obtained  with  the  use  of  18-/tm  sections  than  with  5-//ni  sections,  presum¬ 
ably  because  there  is  a  >  threefold  more  /3-galactosidase  gene  product  in 
the  thicker  sections.  /3-Galactosidase  histochemistry  has  been  performed 
in  rats  to  examine  the  persistence  of  the  /3-Galactosidase  transgene  expres¬ 
sion  following  a  single  intravenous  injection  of  the  PIL  formulation.  The 
level  of  /3-galactosidase  gene  expression  as  determined  by  either  histo¬ 
chemistry  or  by  Southern  blotting  decreases  approximately  50%  in  the 
rat  6  days  following  a  single  intravenous  injection  of  a  /3-galactosidase 
plasmid  driven  by  the  SV40  promoter  encapsulated  in  OX26-PIL.23 

Southern  Blotting 

Expression  of  the  plasmid  DNA  in  tissues  can  also  be  confirmed  by 
Southern  blotting.23  Genomic  DNA  is  isolated  from  tissues  using  the 
Genomic  Isolation  kit  from  Qiagen,  and  a  typical  yield  is  approximately 
1.3  pg  of  DNA  per  mg  of  tissue.  The  absorbance  at  260-280  nm  should 
be  determined  for  quality  control  of  the  isolate.  Then,  10-/ig  DNA  aliquots 
are  digested  with  15  units  of  EcoRI  for  1  h  at  37°  to  remove  the  insert  from 
the  plasmid.  The  sample  is  resolved  with  agarose  gel  electrophoresis 
followed  by  blotting  to  a  GeneScreen-plus  membrane,  which  is  then  hy¬ 
bridized  with  32P-radiolabeled  plasmid.  Following  washing,  the  membrane 
is  applied  to  the  Kodak  X-Omat  Blue  X-ray  film  for  3  h  at  room  tempera¬ 
ture.  During  the  agarose  gel,  the  migration  of  xylene  cyanol  (XC)  and 
bromophenol  blue  (BPB)  tracking  dyes  are  observed.  The  XC  and  BPB 
dyes  migrate  near  the  4.4  and  0.6  kb  DNA  sizing  standards,  respectively. 

Confocal  Microscopy 

The  intracellular  fate  of  the  plasmid  DNA  following  uptake  of  the  PIL 
can  be  followed  with  confocal  microscopy  following  the  initial  conjugation 
of  fluorescein  or  an  alternative  fluorochrome  to  the  plasmid  DNA.  For  the 
production  of  fluorescein-conjugated  DNA,  15  pg  of  plasmid  DNA  is 
labeled  with  fluorescein-12-dUTP  using  the  Nick  translation  kit  (Roche) 
and  purified  by  lithium  chloride-ethanol  precipitation  per  the  manufac¬ 
turer’s  instructions.  Then,  15  pg  of  fluorescein-labeled  plasmid  DNA  is  in¬ 
corporated  in  a  10-pmol  lipid  preparation  of  PIL.  Gene  targeting  to  human 
cells  is  achieved  with  the  HIRMAb  (Table  I).  The  fluoro-DNA  packaged 
in  the  HIRMAb-PIL  can  be  targeted  to  U87  human  glioma  cells  in  tissue 
culture.37  The  exogenous  gene  that  is  conjugated  with  the  fluorescein  is 
an  expression  plasmid  producing  antisense  RNA  directed  against  the 
human  epidermal  growth  factor  (EGF)  receptor  mRNA.  The  HIRMAb- 
PIL  carrying  the  fluoresceinated  DNA  is  added  to  U87  human  glioma  cells 
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in  tissue  culture  following  sterilization  of  the  PIL  preparation  as  described 
previously.  The  cells  are  plated  on  coverslips  at  the  bottom  of  wells  of  a 
cluster  dish,  and  the  glioma  cells  are  incubated  for  either  3  or  24  h  with  a 
total  of  1  pg/dish  of  the  fluoresceinated  plasmid  DNA  encapsulated  in 
the  interior  of  HIRMAb-PIL.  The  incubations  are  performed  in  MEM 
with  10%  FBS.  The  presence  of  serum  does  not  interfere  with  cell  uptake 
of  the  PIL,  and  this  contrasts  with  the  cationic  lipid-DNA  formulation. 
The  activity  of  cationic  lipids  such  as  lipofectamine  is  blocked  by  serum, 
owing  to  the  binding  of  the  cationic  lipid  by  serum  proteins.  At  the  end 
of  the  incubation,  the  media  is  removed  by  aspiration,  the  cells  are  washed 
with  cold  buffer,  and  fixed  with  1  ml/well  of  10%  formalin  in  PBS  at  4° 
for  20  mins.  The  formalin  is  aspirated,  the  cells  are  washed  with  PBS, 
and  the  coverslips  containing  the  adhered  cells  are  removed  from  the  clus¬ 
ter  dish  and  mounted  to  glass  slides.  Confocal  microscopy  is  performed 
with  the  LSM  5  PASCAL  microscope  (Zeiss,  Jena,  Germany)  with  an 
argon  laser.  The  intracellular  delivery  of  plasmid  DNA  encapsulated  in 
the  PIL  is  demonstrated  by  confocal  microscopy  (Fig.  4).  After  3  h  of  incu¬ 
bation,  the  fluorescein-conjugated  DNA,  delivered  to  the  cell  with  the 
HIRMAb-PIL,  is  distributed  throughout  the  cytoplasm  and  is  also  ob¬ 
served  within  intranuclear  vesicles  (Fig.  4A).  After  24  h  of  incubation, 
the  fluorescein-conjugated  DNA  is  primarily  sequestered  within  the  nu¬ 
cleus  (Fig.  4B).  These  confocal  microscopy  studies  confirm  that  the  plasmid 
DNA  is  delivered  to  the  nucleus  with  the  PIL  gene  targeting  system. 

A  B 


Fig.  4.  Confocal  microscopy  of  human  U87  glioma  cells  following  a  3-h  (A)  or  24-h  (B) 
incubation  of  fluorescein-conjugated  plasmid  DNA  (fluoro-DNA)  encapsulated  in  HIRMAb- 
pegylated  immunoliposomes.37  The  gray-scale  confocal  image  was  inverted  in  Photoshop,  so 
that  the  localization  of  the  fluoro-DNA  is  shown  by  the  black  areas.  There  is  primarily 
cytoplasmic  accumulation  of  the  fluoro-DNA  at  3  h,  whereas  the  fluoro-DNA  is  largely 
confined  in  the  nuclear  compartment  at  24  h.  Fluoro-DNA  entrapped  within  intranuclear 
vesicles  is  visible  at  both  3  and  24  h. 
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Summary 

The  PIL  gene-targeting  technology  is  based  on  an  advanced  molecular 
reformulation  of  the  therapeutic  gene  (Fig.  1A).  This  gene-targeting 
technology  is  derived  from  the  merger  of  multiple  and  disparate  discip¬ 
lines,  including  liposome  technology,  pegylation  technology,  monoclonal 
antibody  technology,  and  molecular  biology.  The  PIL  gene-targeting 
technology  enables  the  widespread  expression  of  an  exogenous  gene 
throughout  the  target  organ  (Fig.  3)  following  a  noninvasive,  intravenous 
injection  of  a  non  viral  formulation.  The  targeting  specificity  of  the  PIL  is 
strictly  a  function  of  the  specificity  of  the  targeting  ligand  or  MAb  conju¬ 
gated  to  the  PIL  (Fig.  1A,  Table  I).  The  specificity  of  the  tissue  expression 
of  the  exogenous  gene  is  derived  from  the  combined  influences  of  the 
specificity  of  the  targeting  ligand  and  the  tissue  specificity  of  the  promoter 
that  is  placed  at  the  5'-end  of  the  therapeutic  gene.  With  the  combined  use 
of  gene-targeting  technology  and  tissue-specific  gene  promoters,  it  is  pos¬ 
sible  to  have  tissue-specific  gene  expression  widely  throughout  the  target 
organ  following  an  intravenous  injection  of  the  therapeutic  gene.24  The 
PIL  gene  targeting  technology  has  thus  far  been  used  only  for  transient 
or  extrachromasomal  gene  expression  in  vivo  using  plasmid  vectors  that 
do  not  integrate  into  the  host  genome.  Conversely,  certain  viral  vectors 
such  as  retroviruses  or  adeno-associated  virus  stably  integrate  into  the 
host  genome.  Nevertheless,  it  is  possible  to  trigger  stable  integration  of 
an  exogenous  gene  into  genomic  host  DNA  with  nonviral  expression 
vectors  by  incorporating  into  the  plasmid  certain  transposons.  These  are 
1.6-1. 7  kb  terminal  inverted  repeats,  and  these  transposons  enable  geno¬ 
mic  integration  of  the  exogenous  gene  without  the  use  of  viruses.43  The 
incorporation  of  transposon  elements  into  expression  plasmids  may  allow 
for  stable  integration  of  the  exogenous  gene  in  the  host  genome  follow¬ 
ing  the  intravenous  administration  of  a  nonviral  plasmid  DNA  that  is 
encapsulated  in  a  pegylated  immunoliposome. 
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Normalization  of  Striatal  Tyrosine  Hydroxylase 
and  Reversal  of  Motor  Impairment  in  Experimental 
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and  a  Brain- Specific  Promoter 
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ABSTRACT 

The  goal  of  this  work  was  to  normalize  striatal  tyrosine  hydroxylase  (TH)  activity  with  intravenous  nonviral 
TH  gene  therapy  and  at  the  same  time  eliminate  ectopic  TH  gene  expression  in  peripheral  organs  such  as 
liver  in  the  rat.  TH-expression  plasmids,  containing  either  the  SV40  promoter  or  the  glial  fibrillary  acidic 
protein  (GFAP)  gene  promoter,  were  globally  delivered  to  the  brain  across  the  blood-brain  barrier  (BBB)  af¬ 
ter  intravenous  administration  of  pegylated  immunoliposomes  (PILs).  The  GFAP-TH-  or  SV40-TH-expres- 
sion  plasmids  were  encapsulated  in  the  interior  of  85-nm  PILs,  which  were  targeted  across  both  the  BBB  and 
the  neuronal  cell  membrane  with  a  monoclonal  antibody  (mAh)  to  the  transferrin  receptor  (TfR).  Striatal  TH 
activity  was  98%  depleted  with  the  unilateral  intracerebral  injection  of  6-hydroxydopamine.  TH  in  the  stria¬ 
tum  ipsilateral  to  the  lesion  was  normalized  3  days  after  the  intravenous  injection  of  10  /ug  per  rat  of  either 
the  SV40-TH  or  the  GFAP-TH  plasmid  DNA.  Whereas  the  SV40-TH  gene  caused  a  10-fold  increase  in  he¬ 
patic  TH  activity,  there  was  no  increase  in  liver  TH  with  the  GFAP-TH  gene.  The  GFAP-TH  gene  therapy 
caused  an  82%  reduction  in  apomorphine-induced  rotation  in  the  lesioned  rats.  Confocal  microscopy  using 
antibodies  to  TH,  GFAP,  and  neuronal  nuclei  (NeuN)  showed  the  GFAP-TH  gene  was  selectively  expressed 
in  nigra-striatal  neurons,  with  no  expression  in  either  cortical  neurons,  or  astrocytes.  These  studies  demon¬ 
strate  that  global  delivery  of  exogenous  genes  to  the  brain  is  possible  with  intravenous  nonviral  gene  trans¬ 
fer,  and  that  ectopic  gene  expression  is  eliminated  with  the  use  of  brain-specific  gene  promoters. 


OVERVIEW  SUMMARY 

Nonviral  gene  transfer  using  pegylated  immunoliposomes 
(PILs)  targets  the  plasmid  DNA  to  brain  with  receptor-spe¬ 
cific  transport  ligands,  which  act  as  a  molecular  Trojan 
horse  to  ferry  the  gene  across  both  the  blood-brain  barrier 
and  the  neuronal  cell  membrane.  Because  the  transport  li¬ 
gands  may  also  deliver  the  gene  to  nonbrain  organs,  brain- 
specific  gene  expression  can  be  achieved  with  the  combined 
use  of  the  PIL  gene  delivery  technology  and  organ-specific 
gene  promoters.  The  present  work  shows  the  ectopic  ex¬ 
pression  of  an  exogenous  tyrosine  hydroxylase  (TH)  gene  in 
peripheral  tissues  such  as  liver  is  eliminated,  when  the  TH- 
expression  plasmid  is  driven  by  a  brain-specific  promoter 


taken  from  the  5' -flanking  sequence  of  the  glial  fibrillary 
acidic  protein  (GFAP)  gene.  After  intravenous  administra¬ 
tion  of  PILs  carrying  the  GFAP-TH-expression  plasmid, 
striatal  TH  activity  is  completely  restored  in  the  6-hydrox- 
ydopamine  model  of  experimental  Parkinson’s  disease. 

INTRODUCTION 

Parkinson’s  disease  (PD)  is  associated  with  a  loss  of 
dopaminergic  neurons  originating  in  the  substantia  nigra 
and  terminating  in  the  striatum  (Mouradian  and  Chase,  1997; 
Mandel  et  al.,  1999).  The  rate-limiting  enzyme  in  dopamine 
synthesis  is  tyrosine  hydroxylase  (TH),  and  one  approach  to  the 
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treatment  of  PD  is  TH  replacement  gene  therapy.  The  goals  of 
TH  gene  therapy  in  PD  are  (1)  the  delivery  of  the  TH  gene  to 
the  majority  of  the  nigral-striatal  neurons  resulting  in  the  restora¬ 
tion  of  dopaminergic  neurotransmitterrelease  in  the  striatum  and 
(2)  the  selective  expression  of  the  TH  gene  in  this  region  of 
brain  without  ectopic  TH  gene  expression  in  either  the  cortex 
or  in  nonbrain  organs.  Ectopic  TH  gene  expression  could  lead 
to  unwanted  increased  dopaminergic  activity  in  peripheral  or¬ 
gans.  The  transduction  of  the  majority  of  the  nigral-striatal  neu¬ 
rons  with  TH  gene  therapy  is  possible  with  a  transvascularroute 
to  the  brain.  In  this  approach,  the  gene  is  administered  intra¬ 
venously  followed  by  entry  into  the  brain  across  the  blood-brain 
barrier  (BBB).  Because  every  neuron  is  perfused  by  its  own 
blood  vessel,  the  gene  is  targeted  to  virtually  every  neuron  in 
the  brain  following  a  transvascular  delivery  route  (Pardridge, 
2002).  Prior  work  with  a  nonviral  expression  plasmid  driven  by 
the  widely  expressed  SV40  promoter  demonstrated  normaliza¬ 
tion  of  striatal  TH  activity  in  the  6-hydroxydopamine  (6- 
OHDA)-lesioned  rat  brain  using  the  pegylated  immunolipo- 
some  (PIL)  gene  targeting  technology  (Zhang  et  al.,  2003a). 
The  TH  expression  plasmid  is  encapsulated  in  an  85-nm  pegy¬ 
lated  liposome,  which  is  targeted  across  both  the  BBB  and  the 
neuronal  cell  membrane  with  a  peptidomimetic  monoclonal  an¬ 
tibody  (mAb)  to  the  transferrin  receptor  (TfR)  after  intravenous 
administration.  The  transduction  of  rat  brain  with  the  TH-PIL 
gene  therapy  was  confined  to  the  nigral-striatal  tract,  and  TH 
was  not  increased  in  the  cortex  of  rat  brain  (Zhang  et  al.,  2003a). 
The  lack  of  TH  gene  expression  in  the  cortex  is  caused  by  the 
obligatory  requirement  of  the  TH  enzyme  for  the  biopterin  co¬ 
factor  (Hwang  et  al.,  1998).  The  rate-limiting  enzyme  in  the 
biosynthetic  pathway  of  biopterin,  GTP  cyclohydrolase  I  (GT- 
PCH),  is  not  expressed  in  cortex  because  the  expression  of  this 
gene  in  brain  is  confined  to  monoaminergic  neurons  (Shimoji 
et  al.,  1999).  However,  GTPCH  is  expressed  in  peripheral  tis¬ 
sues  such  as  liver  (Nagatsu  et  al.,  1997).  Consequently,  intra¬ 
venous  TH  gene  therapy  with  the  PIL  technology  and  a  widely 
expressed  SV40  promoter  led  to  ectopic  gene  expression  in  rat 
liver  (Zhang  et  al.,  2003a).  Ectopic  expression  of  an  exogenous 
TH  gene  under  the  influence  of  a  widely  expressed  promoter  is 
expected  in  any  tissue  that  also  expresses  the  GTPCH  gene. 

Ectopic  TH  gene  expression  can  be  reduced  with  the  com¬ 
bined  use  of  the  PIL  gene  targeting  technology  and  brain-spe¬ 
cific  promoters.  The  peripheral  expression  of  a  /3-galactosidase 
expression  plasmid  was  eliminated  when  the  transgene  was  dri¬ 
ven  by  the  2  kb  of  the  5 '-flanking  sequence  (FS)  of  the  human 
glial  fibrillary  acidic  protein  (GFAP)  gene  (Shi  et  al.,  2001a). 
Genes  under  the  influence  of  the  GFAP  promoter  are  selectively 
expressed  in  brain,  although  the  GFAP  promoter  enables  gene 
expression  in  both  neurons  and  astrocytes  in  brain  (Kaneko  and 
Sueoka,  1993;  Galou  et  al.,  1994).  Because  astrocytes  do  not 
express  GTPCH  or  the  biopterin  cofactor  (Nagatsu  et  al.,  1997; 
Hwang  et  al.,  1998),  it  is  possible  the  use  of  the  GFAP  pro¬ 
moter,  in  lieu  of  the  SV40  promoter,  may  enable  neuronal  ex¬ 
pression  of  the  TH  gene  in  brain,  yet  eliminate  ectopic  TH  gene 
expression  in  nonbrain  organs  such  as  liver.  Therefore,  the  pur¬ 
pose  of  the  present  studies  was  to  produce  a  TH-expression 
plasmid  under  the  influence  of  the  GFAP  promoter,  and  to  treat 
6-OHDA-lesioned  rats  with  intravenous  administration  of  the 
GFAP-TH  plasmid  DNA  encapsulated  in  antitransferrin  recep¬ 
tor  monoclonal  antibody  (TfRmAb)-targeted  PILs. 


MATERIALS  AND  METHODS 

Materials 

POPC  (l-palmitoyl-2-oleoyHn-glycerol-3-phosphocholine) 
and  DDAB  (dimethyldioctadecylammoniumbromide)  were  pur¬ 
chased  from  Avanti-Polar  Lipids  Inc.  (Alabaster.  AL).  Diste- 
aroylphosphatidylethanolamine  (DSPE)-PEG2000  was  obtained 
from  Shearwater  Polymers  (Huntsville,  AL),  where  PEG2000  is 
2000- Da  polyethyleneglycol.  DSPE-PEG2000-maleimide  (MAL) 
was  custom  synthesized  by  Shearwater  Polymers.  [a-32P]dCTP 
(3000  Ci/mmol)  and  [3,5-3H]-L-tyrosine  (51.5  Ci/mmol)  were 
from  NEN  Life  Science  Product  Inc.  (Boston,  MA).  N-succin- 
imidyl[2,3-3HJpropionate(3H-NSP,  101  Ci/mmol)  and  protein  G 
Sepharose  CL-4B  were  purchased  from  Amersham-Pharmacia 
Biotech  (Arlington  Heights,  IL).  The  nick  translation  system  was 
from  Life  Technologies  Inc.  (Rockville,  MA).  The  6-OHDA,  apo- 
morphine,  pargyline,  catalase,  (6R)-5,6,7,8-tetrahydrobiopterin 
(BH4), /3-NADPH,  L-tyrosine  and  charcoal  were  purchased  from 
Sigma  (St.  Louis,  MO);  2-iminothiolane  (Traut's  reagent)  and 
bicinchoninic  acid  (BCA)  protein  assay  reagents  were  obtained 
from  Pierce  Chemical  Co.  (Rockford,  IL).  Mouse  myeloma  as¬ 
cites  containing  mouse  IgG2a  (mIgG2a)  isotype  control  was 
from  the  Cappel  Division  of  ICN  Pharmaceuticals  (Aurora, 
OH).  The  TfRmAb  used  in  this  study  is  the  murine  0X26  mAb 
to  the  rat  TfR,  which  is  a  mouse  IgG2a.  The  anti-insulin  re¬ 
ceptor  mAb  used  for  gene  targeting  to  human  U87  glioma  cells 
is  the  murine  83- 14  mAb  to  the  human  insulin  receptor  (HIR). 
The  TfRmAb,  the  HIRmAb,  or  the  mIgG2a  were  individually 
purified  with  protein  G  affinity  chromatography  from  hy- 
bridoma  generated  ascites,  where  HIRmAb  is  a  murine  mAb  to 
the  HIR.  The  pGfap-cLac  plasmid  (Brenner  et  al.,  1994; 
Segovia  et  al.,  1998)  was  provided  by  Dr.  Jose  Segovia,  Cen¬ 
tro  de  Investigacion  y  de  Estudios  Avanzados  (San  Pedro  Za- 
catenco,  Mexico).  A  mouse  monoclonal  antibody  against  GFAP 
(clone  G-A-5),  a  mouse  monoclonal  anti-TH  antibody,  mouse 
IgGl  isotype  control,  and  control  rabbit  IgG  were  purchased 
from  Sigma.  A  mouse  monoclonal  antibody  (MAB377)  against 
neuronal  nuclei  (NeuN),  a  mouse  mAb  (MAB5262)  antineuro¬ 
filament  200-kd  antibody,  and  an  affinity  purified  rabbit  poly¬ 
clonal  antibody  (AB152)  against  TH  were  obtained  from 
Chemicon  (Temecula,  CA).  Secondary  antibodies  used  were 
Alexa  fluor  488  donkey  anti-mouse  IgG  and  Alexa  fluor  594 
donkey  anti-rabbit  IgG  (Molecular  Probes,  Eugene,  OR). 

Construction  of  TH  expression  plasmid 
with  GFAP  promoter 

The  approximately  2-kb  human  GFAP  promoter  was  ob¬ 
tained  by  polymerase  chain  reaction  (PCR)  amplification  using 
the  pGfap-cLac  plasmid.  Custom  oliogdeoxynuclectide  primers 
were  designed  to  amplify  nucleotides  1-2210  of  the  human 
GFAP  promoter  region  (GenBank  accession  #  M67446).  The 
forward.  ATGGCTAGCGAGCTCCCACCTCCCTCTCT  G,  and 
reverse,  ATGAAGCTTGCGAGCAGCGGAGGTG  ATGCG, 
primers  contain  Nhel  and  Hindlll  sites,  respectively,  for  direc¬ 
tional  cloning  (Fig.  1  A).  In  addition,  these  primers  have  three 
unrelated  nucleotides  on  the  5'  end  to  facilitate  restriction  en¬ 
donuclease  digestion.  Custom  primers  were  obtained  from 
Biosource  International  (Camarillo,  CA).  PCR  amplification  of 
the  GFAP  promoter  was  performed  using  50  ng  plasmid  DNA 
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FIG.  1.  A:  Production  of  clone  951  from  clone  877  and  pGfa2-cLac.  Clone  877  is  an  SV40  promoter  (pro)  rat  tyrosine  hy¬ 
droxylase  (TH)  expression  plasmid  derived  from  pGL2  as  described  previously  (Zhang  et  a!.,  2003a).  The  pGfa2-cLac  is  a  hu¬ 
man  glial  fibrillary  acidic  protein  (GFAP)  promoter  driven  /3-galactosidase  expression  plasmid  (Brenner  et  al.,  1994;  Segovia  et 
al.,  1998).  The  rat  SV  promoter  was  released  from  clone  877  with  Nhel  and  Hindi II,  in  parallel  with  the  polymerase  chain  re¬ 
action  (PCR)  amplification  of  the  GFAP  promoter  with  an  Nhel  5 '-primer  and  an  Hindlll  3 '-primer.  The  SV40  promoter  of  clone 
877  was  replaced  with  the  GFAP  promoter  to  produce  clone  951.  Both  clones  877  and  951  contain  a  200  nucleotide  sequence 
within  the  3'  untranslated  region  (UTR),  which  is  taken  from  the  3'-UTR  of  the  bovine  GLUT1  glucose  transporter  mRN A,  and 
that  optimizes  gene  expression  via  mRNA  stabilization  (Boado  and  Pardridge,  1998;  Zhang  et  al.,  2003a).  B:  Diagram  of  a  su¬ 
per-coiled  TH  expression  plasmid  encapsulated  in  an  85-nm  pegylated  immunoliposome  (PIL)  targeted  to  the  rat  transferrin  re¬ 
ceptor  (TfR)  with  the  0X26  murine  monoclonal  antibody  (mAb). 


in  a  total  volume  of  50  /j.\  Pfu  DNA  polymerase  buffer  (Strat- 
agene.  La  Jolla,  CA).  The  reaction  also  contained  0.4  [iM  for¬ 
ward  and  reverse  primers,  0.2  m M  deoxynucleotide  triphos¬ 
phates  (dNTPs),  and  1  /jl\  is  equal  to  2.5  U  Pfu-Turbo  DNA 
polymerase  (Stratagene).  The  sample  was  denatured  for  30  sec 
at  95°C,  and  amplified  in  17  cycles  of  30  sec  at  95°C,  60  sec 
at  55°C  (annealing),  and  6  min  at  68°C  (extension).  PCR  prod¬ 
ucts  were  resolved  by  agarose  gel  electrophoresis  and  a  major 
band  of  approximately  2  kb  corresponding  to  the  human  GFAP 
promoter  was  seen.  PCR  products  were  purified  using  the  Qi- 
agen  PCR  purification  kit  (Valencia,  CA),  and  double-digested 
withMtel  and  Hindlll  for  subcloning  in  the  TH  expression  vec¬ 
tor  as  described  below. 

The  expression  plasmid  containing  the  complete  open  read¬ 
ing  frame  of  the  rat  TH  driven  by  the  SV40  promoter  is  derived 
from  the  pGL2  plasmid  and  is  designated  clone  877  as  described 
previously  (Zhang  et  al.,  2003a).  The  SV40  promoter  was 
deleted  from  clone  877  by  double-digestion  with  Nhel  and 
Hindlll,  which  cleaved  at  sites  located  upstream  and  down¬ 
stream  of  the  promoter,  respectively  (Fig.  1A).  The  approxi¬ 
mately  6.0-kb  rTH-vector  backbone  fragment  was  purified  by 
gel  electrophoresis  followed  by  centrifugation  with  a  Spin  X 


filter  unit.  The  approximately  2-kb  GFAP  promoter  was  pre¬ 
pared  as  described  above  and  subcloned  at  the  same  restriction 
endonuclease  sites  to  form  a  GFAP-TH-expression  plasmid 
named  clone  951  (Fig.  1  A).  Positive  clones  were  identified  by 
restriction  endonuclease  mapping  (i.e.,  Nhel  and  Hindi II),  and 
its  identity  confirmed  by  DNA  sequencing  using  the  pGL2  se¬ 
quencing  primer  1  (Promega,  Madison,  WI). 

Synthesis  of  PILs 

The  GFAP-TH  (clone  951)  plasmid  DNA  or  the  SV40-TH 
(clone  877)  plasmid  DNA  was  encapsulated  in  PILs  as  de¬ 
scribed  previously  (Shi  et  al.,  2001a;  Zhang  et  al.,  2002a, 
2003a).  The  liposome  is  85-100  nm  in  diameter  and  the  sur¬ 
face  of  the  liposome  is  conjugated  with  several  thousand  strands 
of  2000-Da  polyethyleneglycd  (PEG).  The  tips  of  approxi¬ 
mately  1-2%  of  the  PEG  strands  are  conjugated  with  either  the 
mouse  0X26  mAb  to  the  rat  TfR  or  the  mouse  83-14  mAb  to 
the  H1R  or  mlgG2a  (Fig.  IB).  The  mIgG2a  is  the  isotype  con¬ 
trol  for  either  the  murine  0X26  or  83-14  mAb.  Any  plasmid 
DNA  not  encapsulated  in  the  interior  of  the  liposome  is  quan¬ 
titatively  removed  by  exhaustive  nuclease  treatment  (Shi  et  al.. 
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2000).  In  a  typical  synthesis,  36 — 40%  of  the  initial  plasmid 
DNA  (250  /x g)  was  encapsulated  within  20  /x mol  of  lipid,  and 
each  liposome  had  a  range  of  69-73  mAh  molecules  conjugated 
to  the  PEG  strands.  The  PIL  conjugated  with  the  0X26 
TfRmAb  is  designated  TfRmAb-PIL;  the  PIL  conjugated  with 
the  murine  83- 14  HIRmAb  is  designated  the  HIRmAb-PIL;  and 
the  PIL  conjugated  with  the  mouse  IgG2a  isotype  control  anti¬ 
body  is  designated  mIgG2a-PIL.  The  targeting  mAbs  are 
species  specific  and  the  HIRmAb-PIL  is  used  for  gene  deliv¬ 
ery  to  human  cells  and  the  TfRmAb-PIL  is  used  for  gene  tar¬ 
geting  to  rat  cells  (Zhang  et  al.,  2003b). 

TH  gene  expression  in  cultured  U87  human 
glioma  cells 

Human  U87  glioma  cells  were  plated  on  60-mm  collagen- 
treated  dishes  with  MEM  containing  10%  fetal  bovine  serum 
(FBS).  When  the  cells  reached  60%  confluence,  the  medium 
was  removed  by  aspiration,  and  6  ml  of  fresh  medium  con¬ 
taining  10%  FBS  was  added  to  the  cells,  followed  by  the  ad¬ 
dition  of  167  /xl  of  the  HIRmAb-PIL  carrying  the  951  DNA  (4 
/xg  of  plasmid  DNA  per  dish).  The  cells  were  incubated  for  2, 
4,  or  6  days,  with  three  dishes  at  each  time  point,  for  measure¬ 
ment  of  TH  enzyme  activity.  The  cells  were  washed  three  times 
with  cold  wash  buffer  (5  m M  potassium  phosphate  buffer),  and 
then  400  /xl  of  sonication  buffer  (wash  buffer  with  0.2  %  Tri¬ 
ton  X-100)  was  added  to  each  dish.  The  cells  were  collected, 
and  after  a  short  vortex,  the  cells  were  sonicated  for  30  sec  with 
a  Branson  Sonifier  Cell  Disruptor  Model  185  (Branson  Ultra¬ 
sonics  Corp.,  Danbury,  CT).  The  cell  homogenate  was  cen¬ 
trifuged  at  10,000g  for  10  min  at  4°C.  TH  activity  was  mea¬ 
sured  with  200  /xl  of  the  supernatant  as  described  previously 
(Zhang  et  al.,  2003a). 

6-OHDA  model 

Adult  male  Sprague-Dawley  rats  (supplied  by  Harlan  Breed¬ 
ers,  Indianapolis,  IN)  weighing  200-230  g  were  anesthetized 
with  ketamine  (100  mg/kg)  and  xylazine  (10  mg/kg)  intraperi- 
toneally.  Animals  received  unilateral  6-OHDA  injections  into 
the  right  medial  forebrain  bundle  as  described  previously 
(Zhang  et  al.,  2003a).  Each  animal  received  pargyline  30-60 
min  prior  to  surgery  (50  mg/kg  in  normal  saline  intraperi- 
toneally).  After  pargyline  administration,  4  /xl  of  2  /xg//xl  of  6- 
OHDA  (freshly  prepared  in  0.2  /xg//xl  ascorbic  acid)  was  in¬ 
jected  over  a  4-min  period  using  a  10-/xl  Hamilton  syringe  with 
the  following  stereotaxic  coordinates:  4.8  mm  posterior  to 
bregma,  1 . 1  mm  lateral  to  bregma,  and  8.0  mm  below  the  dura. 
The  syringe  needle  was  left  in  place  for  2  min  after  the  injec¬ 
tion  to  allow  for  diffusion  of  the  toxin.  Three  weeks  after  the 
lesion,  rats  were  tested  for  apomorphine-inducad  contralateral 
turning  using  0.5  mg/kg  of  apomorphine  injected  intraperi- 
toneally.  Full  (360°),  contralateral  rotations  only  were  counted 
over  20  min  starting  5  min  after  apomorphine  administration. 
Those  rats  turning  more  than  160  times  in  20  min,  or  more  than 
8  rotations  per  min  (RPM),  were  designated  as  having  been  suc¬ 
cessfully  lesioned,  and  were  treated  1  week  later  with  TH  gene 
therapy.  In  one  series  of  experiments,  the  lesioned  apormor- 
phine-responsive  rats  were  divided  into  two  groups.  The  con¬ 
trol  group  in  which  rats  received  10  /xg  per  rat  of  clone  951 
DNA  encapsulated  in  m!gG2a-PIL  or  the  treatment  group  in 


which  rats  received  10  /xg  per  rat  of  clone  951  DNA  encapsu¬ 
lated  in  TfRmAb-PIL.  The  PIL  was  administered  via  the 
femoral  vein;  3  days  later  the  rats  were  tested  for  apomorphine- 
induced  rotation  behavior  and  then  sacrificed.  In  each  group, 
half  of  the  rats  were  used  for  TH  immunocytochemistry,  and 
the  other  half  were  used  for  confocal  microscopy.  In  a  differ¬ 
ent  series  of  experiments,  the  two  groups  of  lesioned  aponior- 
phine-responsiverats  were  treated  with  either  10  /xg  per  rat  of 
clone  877  DNA  encapsulated  in  TfRmAb-PIL  or  10  /xg  per  rat 
of  clone  95 1  DNA  encapsulated  in  TfRmAb-PIL.  These  ani¬ 
mals  were  sacrificed  3  days  later  for  measurement  of  organ  TH 
activity  by  a  radioenzymatic  assay  described  previously  (Zhang 
et  al.,  2003a). 

TH  assay 

The  TH  activity  assay  was  performed  as  described  previ¬ 
ously  (Zhang  et  al.,  2003a),  and  measures  the  conversion  of  l- 
[3,5-3HJtyrosine  to  both  [3HJ-H20  and  [3H]-l-DOPA  in  a  1:1 
stoichiometric  relationship;  the  two  metabolites  are  separated 
by  charcoal,  which  selectively  binds  the  amino  acid.  For  the 
TH  assay  in  rat  organs,  liver,  heart,  lung,  kidney,  frontal  cor¬ 
tex,  and  the  dorsal  striatum  in  both  lesioned  (ipsilateral)  and 
nonlesioned  (contralateral)  sides  of  brain  were  frozen  in  dry  ice. 
The  counts  per  minute  were  converted  to  picomoles  of  l-DOPA 
on  the  basis  of  the  [3H]tyrosine  specific  activity,  and  the  results 
were  expressed  as  picomoles  of  l-DOPA  per  hour  per  milligram 
of  protein. 

Immunocytochemistry  and  confocal  microscopy 

The  brains  were  removed  and  placed  into  coronal  or  sagit¬ 
tal  rat  brain  matrices  for  immunocytochemistry  and  confocal 
microscopy, respectively. For  immuncytochemistry, frozen  sec¬ 
tions  were  prepared  as  described  previously  (Zhang  et  al., 
2003a).  For  confocal  microscopy,  brain  tissue  was  then  im¬ 
mersion  fixed  in  4%  paraformaldehyde  in  0.01  M  phosphate- 
buffered  water  (PBW),  pH  7.4  and  stored  overnight  at  4°C.  Af¬ 
ter  brief  washing  in  0.01  M  PBW  the  brain  slabs  were 
cryoprotected in  30%  sucrose  in  0.1  M  PBW.  pH  7.4  for  addi¬ 
tional  12  hr  at  4°C.  After  brief  washing  in  0.01  M  PBW.  the 
brains  were  placed  in  cryomolds  filled  with  OCT  embedding 
compound  and  rapidly  frozen  in  powdered  dry  ice. 

TH  immunocytochemistry  was  performed  on  coronal  sec¬ 
tions  by  the  avidin-biotin  complex  (ABC)  immunoperoxidase 
method  (Vector  Laboratories,  Burlingame,  CA).  Frozen  sec¬ 
tions  (20  /xm)  were  incubated  in  either  mouse  anti-TH  mAb  (1 
/xg/ml)  or  mouse  IgGl  isotype  control  (1  /xg/ml)  overnight  at 
4°C.  The  sections  were  incubated  in  biotinylated  horse  anti¬ 
mouse  IgG  (35  /xg/ml)  for  30  min.  After  development  in  3- 
amino-9-ethylcarbazole  (AEC),  sections  were  scanned  with  a 
UMAX  PowerLook  III  flatbed  scanner  (UMAX  Technologies, 
Dallas,  TX)  with  transparency  adapter,  and  then  cover-slipped. 

Coronal  sections  (20  /xm)  through  the  level  of  the  substan¬ 
tia  nigra,  pars  reticulata  were  cut  from  both  hemispheres  for 
confocal  microscopy.  After  30  min  drying  at  room  temperature 
(20°C)  slides  were  washed  and  permeabilized  using  0.01  M 
PBS,  pH  7.4  with  0.1%  Triton-X  100  (PBST).  Blocking  for  1-2 
hr  was  performed  with  10%  preimmune  donkey  serum  in  0.01 
M  PBST  at  20°C.  Primary  antibodies  and  all  control  studies 
with  isotype  IgG  were  used  as  follows:  15  /xg/ml  mouse  mono- 
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clonal  anti-NeuN  antibody  (Liu  et  al.,  1998),  10  /ug/ml  mouse 
monoclonalanti-GFAP  antibody  (Debus  et  al.,  1983),  2.5  /ug/ml 
mouse  monoclonal  anti-TH  antibody,  1  /u,g/ml  mouse  mono¬ 
clonal  antineurofilament  200-kd  antibody  (Anderton  et  al., 
1982),  and  0.4  /r,g/ml  affinity  purified  rabbit  polyclonal  anti- 
TH  antibody  (Horger  et  al.,  1998).  Sections  were  incubated 
overnight  at  4°C  with  primary  antibodies  diluted  in  3%  bovine 
albumin  in  0.01  M  PBST.  The  secondary  antibody,  488  don¬ 
key  anti-mouse  IgG  (fluorescein-labelad)  and  594  donkey  anti¬ 
mouse  IgG  (rhodamine-labeled)  were  used  at  a  concentration 
of  5  /ug/ml  diluted  in  0.01  M  PBST.  After  extensive  washing 
in  0.01  M  PBS  all  specimens  were  cover-slipped  and  slides 
stored  at  4°C  light  protected. 

Confocal  imaging  was  performed  employing  a  Zeiss  LSM  5 
PASCAL  confocal  microscope  with  dual  argon  and  helium/neon 
lasers  equipped  with  Zeiss  LSM  software  for  image  recon¬ 
struction  (LSM  5  PASCAL,  version  3.2,  Jena,  Germany).  All 
sections  were  scanned  in  multitrack  mode  to  avoid  overlap  of 
the  fluorescein  (excitation  at  488  nm)  and  rhodamine  (excita¬ 
tion  at  568  nm)  channels.  For  acquisition  of  three-dimensional 
images,  up  to  20  serial  images  with  a  slice  thickness  between 
1 .6-3.7  fjL m  were  used.  Pinhole  size  for  each  channel  was  main¬ 
tained  as  small  as  possible  as  to  ensure  sufficient  signal -to-noise 
ratio  and  highest  spatial  resolution  (126-145  nm).  Line  density 
ranged  from  0.19-0.45  fim  using  these  settings.  Detector  gain 
and  amplifier  offset  were  optimized  to  reduce  artificial  back¬ 
ground  for  each  image.  No  amplifier  gain  was  used.  Three-di¬ 
mensional  image  slices  were  scanned  with  a  1024  X  1024  res¬ 
olution.  All  scanning  parameters  were  kept  constant.  Image 
analysis  was  performed  for  each  single  image  slice  also  in  the 
three-dimensional  data  stacks.  Three-dimensional  images  were 
reconstructed  by  projecting  six  consecutive  planar  views.  To 
ensure  a  more  objective  measure  of  overlap,  a  colocalization 
feature  was  applied  that  color-codes  only  regions  in  which  both 
channels  overlap  at  a  threshold  intensity  level.  Intensity  of  the 
fluorescent  signal  was  measured  in  an  arbitrary  scale  ranging 
from  0  (no  signal)  to  250  (highest  signal)  with  respect  to  the 
individual  image  intensity  profile.  The  intensity  level  was  de¬ 
fined  individually  for  each  dataset  using  the  integrated  colo¬ 
calization  software  and  an  overlap  coefficient  of  1  (Manders 
etal.,  1993). 

Real-time  PCR 

The  abundance  of  the  rat  TH  and  the  control  4F2hc  tran¬ 
scripts  were  determined  by  reverse  transcriptase  (RT)  and  real¬ 
time  PCR  of  total  RNA  isolated  from  brain  and  liver  tissues  of 
saline-  and  PIL-injected  animals.  Total  RNA  was  obtained  us¬ 
ing  the  RNAqueous-4PCR  isolation  kit  (Ambion,  Houston, 
TX).  Total  RNA  was  used  to  synthesize  cDNA  by  RT  with 
oligo  dT  priming  and  the  Superscript  system  for  RT-PCR  (In- 
vitrogen,  San  Diego,  CA).  The  real-time  PCR  was  performed 
in  an  iCycler  equipped  with  the  optical  module  (BioRad,  Her¬ 
cules,  CA),  per  the  manufacturer’s  instructions  using  the  Bio- 
Rad  iQ  SYBR  green  supermix.  PCR  reaction  was  run  using  a 
modified  three-step  amplification  protocol  followed  by  a  melt¬ 
ing  curve  to  confirm  the  production  of  a  single  PCR  product. 
The  threshold  cycle  number  (Ct)  was  calculated  for  rat  TH  and 
rat  4Fhc  using  the  iCycler  BioRad  software.  The  4F2hc  gene  en¬ 
codes  the  heavy  chain  (he)  of  multiple  amino  acid  transporters 


and  is  a  common  housekeeping  gene  that  is  expressed  in  both 
brain  and  liver  (Boado  et  al.,  1999).  PCR  primers  were  designed 
using  the  Beacon  Designer  (Palo  Alto,  CA)  software,  and  ob¬ 
tained  from  Biosource  International  (Camarillo,  CA).  The  TH 
PCR  primers  (forward  5  '-GCTGTC ACGTCCCCAAGGTT-3  ' 
and  reverse  5'-CAGCCCGAGACAAGGAGGAG-3  ')  amplify  a 
region  of  220  nucleotides  (nt)  located  at  nt  449-668  of  the  rat 
TH  cDNA  (accession#  NM_012470).  The  4F2hc  PCR  primers 
(forward  5  '-CCAAGGAGGAGCTATTGAA  GGTA-3 '  and  re¬ 
verse  5  '-CGCCCGAACGATGATAACCA-3  ')  target  nt  369^196 
of  the  rat  4F2hc  cDNA  (accession  #  AB015433)  to  produce  a 
DNA  fragment  of  128  nt. 

Statistical  analyses 

Statistically  significant  differences  in  different  treatment 
groups  were  determined  by  analysis  of  variance  (ANOVA)  with 
Bonferroni  correction  using  program  7D  of  the  BMDP  Statisti¬ 
cal  Software  package  developed  by  the  UCLA  Biomedical  Com¬ 
puting  Series.  A  p  value  <  0.05  was  considered  significant. 


RESULTS 

GFAP-TH-expression  plasmid  activity  in  U87  hitman 
glioma  cells  targeted  with  the  HIRmAb-PIL 

Human  U87  cells  express  GFAP  (Mandil  et  al,,  2001)  and 
also  support  TH  gene  expression  in  cell  culture  (Zhang  et  al., 
2003a).  Therefore,  the  biologic  activity  of  the  GFAP-TH-ex- 
pression  plasmid  (clone  951)  was  measured  in  cultured  U87 
cells  at  2,  4,  and  6  days  after  the  single  application  at  day  0  of 
the  plasmid  DNA  encapsulated  in  HIRmAb-targeted  PILs. 
Clone  95 1  is  well  expressed,  and  the  level  of  TH  enzyme  ac¬ 
tivity  in  the  cells  is  comparable  whether  the  TH  gene  is  under 
the  influence  of  either  the  SV40  promoter  or  the  GFAP  pro¬ 
moter  (Table  1). 

TH  enzyme  activity  in  brain  and  peripheral  organs  in 
lesioned  rats  treated  with  either  the  SV40-TH-  or  the 
GFAP-TH-expression  plasmid  targeted  with  the 
TfRmAb-PIL 

The  intracerebral  injection  of  6-OHDA  caused  a  98%  re¬ 
duction  in  TH  enzyme  activity  in  the  ipsilateral  striatum  com¬ 
pared  to  the  contralateral  or  non-lesioned  striatum  (Table  2, 
saline  treated  rats).  The  TH  enzyme  activity  in  the  cortex  ipsi¬ 
lateral  or  contralateral  to  the  lesion  was  no  different,  and  was 
98%  reduced  compared  to  the  TH  activity  in  the  contralateral 
striatum  (Table  2).  The  6-OHDA-lesioned,  apomorphine-re- 
sponsive  rats  were  treated  with  SV40-TH  gene  therapy  using 
clone  877  plasmid  DNA  encapsulated  in  the  TfRmAb-targeted 
PIL.  At  3  days  after  the  single  intravenous  administration  of  10 
pg  per  rat  of  the  clone  877  plasmid  DNA.  the  TH  activity  in 
the  ipsilateral  or  lesioned  striatum  was  normalized  and  was  not 
significantly  different  from  the  TH  enzyme  activity  in  the  con¬ 
tralateral  striatum  (Table  2).  SV40-TH  gene  therapy  caused  no 
increase  in  TH  in  the  cortex  in  brain,  but  did  cause  a  10-fold 
increase  in  TH  enzyme  activity  in  the  liver  (Table  2).  In  con¬ 
trast,  there  was  no  increase  in  hepatic  TH  enzyme  activity  af¬ 
ter  intravenous  administration  of  the  GFAP-TH  (clone  951)  en- 
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Table  1.  TH  Activity  in  Cultured  U87  Glioma  Cells 
After  Delivery  of  Either  SV40  Promoter  (Clone  877) 
or  GFAP  Promoter  (Clone  951)  TH  Expression  Plasmid 
Encapsulated  in  HIRmAb-TARGETED  PIL 


Days  of  incubation 

TH  activity 

(pmol  L-Dopa/hour/mgp) 

Clone  877 

clone  951 

2 

214  ±  14 

231  ±  10 

4 

1458  ±  99 

1576  ±  33 

6 

177  ±  10 

311  ±  22 

Mean  ±  SE  (n  =  3  dishes  per  time  point).  Clone  877  data 
from  Zhang  et  al.  (2003a). 

SE,  standard  error;  TH,  tyrosine  hydroxylase;  GFAP,  glial 
fibrillary  acidic  protein;  PIL,  pegylated  immunoliposomes. 


capsulated  in  the  TfRmAb-targeted  PIL  (Table  2).  However, 
treatment  with  the  GFAP-TH  gene,  similar  to  the  SV40-TH 
gene,  caused  complete  normalization  of  the  TH  enzyme  activ¬ 
ity  in  the  ipsilateral  striatum  of  the  6-OHDA-lesioned  apo- 
morphine-responshe  rats  (Table  2). 

Reversal  of  motor  impairment  after  GFAP-TH 
gene  therapy 

The  lesioned  rats  that  responded  to  apomorphine  were  sep¬ 
arated  into  2  groups  and  treated  with  clone  951  plasmid  DNA 
(10  /rg/rat)  encapsulated  in  either  mlgG2a-targeted  PILs  or 
TfRmAb-targeted  PILs,  and  apomorphine-inducEd  rotation  be¬ 
havior  was  measured  in  individual  rats  before  and  3  days  after 
intravenous  gene  therapy  (Figure  2A,B).  The  apomorphine-in- 
duced  rotation  (mean  RPM  of  4  ±  3)  in  the  rats  treated  with 
clone  951  encapsulated  in  the  TfRmAb-PIL  was  reduced  82% 
compared  to  the  apomorphine-inducEd  roation  (mean  RPM  of 


22  ±  3)  in  the  rats  treated  with  clone  951  encapsulated  in  the 
mIgG2a-PIL  (Figure  2C). 

Neuronal  expression  of  immunoreactive  TH  following 
GFAP-TH  gene  therapy 

TH  immunocytochemistry  of  coronal  sections  of  rat  brain  is 
shown  in  Figure  3.  There  was  complete  normalization  of  the 
immunoreactive  TH  in  the  striatum  of  6-OHDA-lesioned  apo- 
morphine-responshe  rats  at  3  days  after  a  single  intravenous 
injection  of  clone  951  plasmid  DNA  (10  ptg  per  rat)  encapsu¬ 
lated  in  the  TfRmAb-targeted  PIL  (Fig.  3A,  3B,  and  3C).  How¬ 
ever,  there  was  minimal  immunoreactive  TH  detected  in  the 
striatum  of  6-OHDA-lesioned  apomorphine-responsive  rats  at 
3  days  after  a  single  intravenous  injection  of  clone  951  plas¬ 
mid  DNA  (10  ptg  per  rat)  encapsulated  in  the  m!gG2a-targeted 
PIL  (Fig.  3D,  3E,  and  3F).  The  marked  reduction  in  im¬ 
munoreactive  TH  in  the  striatum  of  these  rats  correlates  with 
the  98%  reduction  in  striatal  TH  enzyme  activity  in  the  lesioned 
animals  (Table  2). 

The  cellular  origin  of  TH  gene  expression  in  the  brains  of 
lesioned  rats  treated  with  the  clone  951  DNA  encapsulated  in 
TfRmAb-PILs  or  mlgG-PILs  was  examined  by  confocal  mi¬ 
croscopy  (Fig.  4).  The  TH  gene  was  selectively  expressed  in 
nerve  terminals  in  the  striatum  on  the  side  contralateral  to  the 
lesion  with  no  overlap  with  NeuN  immunoreactive  neuronal  cell 
bodies  (Fig.  4A).  Virtually  all  of  the  nerve  terminals  were  neg¬ 
ative  for  TH  in  the  ipsilateral  striatum  of  lesioned  rats  treated 
with  clone  95 1  encapsulated  in  the  mIgG2a-PIL  (Fig.  4B).  Con¬ 
versely,  the  density  of  TH  reactive  nerve  terminals  in  the  ipsi¬ 
lateral  striatum  of  lesioned  rats  treated  with  the  clone  95 1  DNA 
encapsulated  in  the  TfRmAb-targeted  PIL  was  no  different  than 
in  the  contralateral,  non-lesioned  striatum  (Fig.  4A  and  4C). 
The  nerve  terminals  in  the  contralateral  striatum  that  were  ini- 
munopositive  for  TH  were  generally  immunonegative  for  the 
200-kDa  neurofilament  protein  (Fig.  4D),  and  there  was  preser- 


Table  2.  Tyrosine  Hydroxylase  in  Brain  and  Peripheral  Organs  in  the  Rat  Three  Days 
After  Intravenous  Injection  of  Gene  Therapy 


Saline 

TfRmAb-PIL/877 

TfRmAb-PIL/951 

Organs 

(pmol/hr/mgp) 

(pmol/hr/mgp) 

( pmol/hr/mgp ) 

Ipsilateral 

128  ±  27 

5177  ±  446* 

5536  ±  395* 

striatum 

Contralateral 

6445  ±  523 

5832  ±  391 

5713  ±  577 

striatum 

Ipsilateral 

176  ±  30 

132  ±  16 

184  ±  38 

cortex 

Contralateral 

150  ±  36 

150  ±  24 

135  ±  25 

cortex 

Heart 

29  ±  3 

45  ±  8 

31  ±  3 

Liver 

13  ±  2 

130  ±  28* 

18  ±  6 

Lung 

42  ±  13 

74  ±  22 

30  ±  6 

Kidney 

24  ±  2 

35  ±  5 

31  ±  8 

*p  <  0.01  difference  from  saline  group  (ANOVA  with  Bonferroni  correction;  n  =  4  rats  per 
group).  Rats  were  lesioned  with  intracerebral  injections  of  6-hydroxydopamine;  3  weeks  after  toxin 
injection  the  rats  were  tested  for  apomorphine-inducEd  rotation  behavior;  those  rats  resting  posi¬ 
tively  to  apormorphine  were  selected  for  gene  therapy,  which  was  administered  intravenously  4 
weeks  after  toxin  administration;  all  animals  were  euthanized  3  days  after  gene  administration. 
ANOVA,  analysis  of  variance. 
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FIG.  2.  A:  Apomorphine-inducad  rotations  per  minute  (RPM)  over  a  20-min  period  measured  in  individual  rats  at  1  week  be¬ 
fore  treatment  and  at  3  days  after  a  single  intravenous  injection  of  10  pg  per  rat  of  clone  951  plasmid  DNA  encapsulated  in  a 
pegylated  immunoliposome  (PIL)  targeted  with  the  mouse  IgG2a  isotype  control  antibody.  B:  Apomorphine-inducad  RPM  over 
a  20-min  period  measured  in  individual  rats  at  1  week  before  treatment  and  at  3  days  after  a  single  intravenous  injection  of  10 
pg  per  rat  of  clone  951  plasmid  DNA  encapsulated  in  a  PIL  targeted  with  the  TfRmAb.  C:  Comparison  of  the  total  rotations  in 
the  two  groups  at  3  days  after  treatment.  The  average  RPM  is  22  ±  3  and  4  ±  3  (mean  ±  standard  deviation  LSD])  in  animals 
treated  with  the  mIgG2a-PIL  and  the  TfRmAb-PIL,  respectively.  The  difference  in  rotation  between  the  two  groups  is  signifi¬ 
cant  at  the  p  <  0.005  level. 


vation  of  the  200-kDa  neurofilament  fibers  in  the  ipsilateral 
striatum  of  lesioned  rats  treated  with  the  clone  951  encapsu¬ 
lated  in  the  mIgG2a-PIL  (Fig.  4E).  The  pattern  of  nerve  termi¬ 
nals  in  the  ipsilateral  striatum  of  lesioned  rats  treated  with  clone 
951  encapsulated  in  the  TfRmAb-PIL  was  comparable  to  that 
in  the  contralateral  striatum  (Fig.  4D  and  4F). 

The  parallel  expression  of  immunoreactive  TH,  GFAP,  and 
NeuN  in  the  striatum  and  substantia  nigra  is  shown  in  Figure 
4  for  regions  of  the  brain  ipsilateral  to  the  lesion  and  in  rats 
treated  with  the  clone  951  plasmid  DNA  and  encapuslated  in 
the  TfRmAb-PIL.  For  the  striatum,  separate  views  are  shown 
for  GFAP  and  TH  immunostaining  in  Figure  4G  and  4H.  The 


overlap  image  in  Figure  41  indicates  there  is  no  coexpression 
of  the  TH  in  the  GFAP-positive  astrocytes.  Parallel  immuno¬ 
staining  for  TH  and  NeuN  in  the  substantia  nigra  shows  there 
is  expression  of  immunoreactive  TH  in  NeuN  immunoreactive 
neuronal  cell  bodies  (Fig.  4J,  4K.  and  4L). 

Measurement  of  TH  gene  expression  by  real-time  PCR 

The  measurement  of  immunoreactive  TH  (Figs.  3  and  4)  and 
TH  enzyme  activity  (Tables  1  and  2)  were  corroborated  by  as¬ 
says  of  TH  mRNA  using  real-time  PCR  (Table  3).  Rats  were 
treated  with  either  saline  or  10  pg  per  rat  of  clone  877  plasmid 


FIG.  3.  Tyrosine  hydroxylase  immunocytochemistry  of  rat  brain  removed  72  hr  after  a  single  intravenous  injection  of  10  pg 
per  rat  of  clone  951  plasmid  DNA  encapsulated  in  pegylated  immunoliposome  (PIL)  targeted  with  either  the  TfRmAb  (A.  B,  C) 
or  with  the  mouse  IgG2a  isotype  control  (D.  E,  F).  Coronal  sections  are  shown  for  three  different  rats  from  each  of  the  two  treat¬ 
ment  groups.  The  6-hydroxydopamine  was  injected  in  the  medial  forebrain  bundle  of  the  right  hemisphere,  which  corresponds 
to  right  side  of  the  figure.  Sections  are  not  counterstained. 
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DNA  encapsulated  in  TfRmAb-targeted  PILs,  and  3  days  later 
animals  were  sacrificed  for  isolation  of  RNA  from  either  cor¬ 
tex  or  liver.  There  was  no  significant  increase  of  TH  mRNA  in 
brain  cortex,  although  the  Ct  was  increased  from  29.0  ±  2.3  to 
34.6  ±1.3  in  the  livers  of  rats  treated  with  TH-PIL  gene  ther¬ 
apy;  this  corresponds  to  more  than  a  10-fold  increase  in  liver 
TH  mRNA.  The  hepatic  mRNA  levels  of  a  housekeeping  gene, 
4F2hc,  were  also  measured  and  TH  PIL  gene  therapy  caused 
no  change  in  4F2hc  mRNA  concentrations  in  liver  (Table  3). 


DISCUSSION 

The  results  of  these  studies  are  consistent  with  the  follow¬ 
ing  conclusions.  First,  the  ectopic  expression  of  the  TH  gene  in 
peripheral  tissues  such  as  liver  after  intravenous  gene  therapy 
is  eliminated  when  the  TH  gene  is  under  the  influence  of  a  brain 
specific  promoter,  such  as  the  GFAP  promoter  (Table  2).  Sec¬ 
ond,  intravenous  GFAP-TH  gene  therapy  with  clone  951  (Fig. 
1A)  and  the  PIL  gene  targeting  technology  (Fig.  IB)  causes  a 
normalization  of  striatal  TH  in  the  6-OHDA-lesioned  rat,  but 
this  is  associated  with  no  change  in  cortical  TH  (Table  2,  Fig. 
3).  Third,  the  normalization  of  striatal  TH  with  intravenous 
GFAP-TH  gene  therapy  is  associated  with  an  82%  reduction  in 
apomorphine-inducEd  rotation  behavior  (Fig.  2).  Fourth,  the 
GFAP-TH  gene  is  selectively  expressed  in  neurons,  not  astro¬ 
cytes,  of  the  nigral-striatal  tract  (Fig.  4). 

The  stability  of  the  TH  enzyme  is  linked  to  the  availability 
of  the  biopterin  cofactor,  and  the  expression  of  the  TH  enzyme 
is  found  only  in  those  regions  of  brain  that  express  GTPCH, 
the  rate-limiting  enzyme  in  biopterin  biosynthesis  (Nagatsu  et 
al.,  1995;  Hwang  et  al,,  1998;  Shimoji  et  al.,  1999).  However, 
GTPCH  is  also  expressed  in  some  peripheral  organs  such  as 
liver  (Nagatsu  et  al.,  1997),  which  supports  TH  gene  expres¬ 
sion  after  intravenous  gene  therapy  with  an  exogenous  TH  gene 
under  the  influence  of  a  widely  expressed  promoter,  such  as  the 
SV40  promoter.  There  is  a  10-fold  increase  in  hepatic  TH  ac¬ 
tivity  in  rats  treated  with  clone  877,  the  SV40-TH,  which  is  en¬ 
capsulated  in  the  TfRmAb-targeted  PIL  (Table  2).  However, 
the  ectopic  expression  of  the  TH  gene  in  liver  is  eliminated  with 
the  use  of  a  brain-specific  promoter,  such  as  the  GFAP  pro¬ 


moter  (Table  2).  These  results  parallel  prior  observations  on  /3- 
galactosidase  reporter  gene  expression.  If  the  /3-galactosidase 
gene  was  under  the  influence  of  the  SV40  promoter,  and  was 
administered  intravenously  encapsulated  in  a  TfRmAb-targeted 
PIL,  then  the  gene  was  expressed  in  both  brain  and  TfRmAb- 
positive  peripheral  organs  such  as  liver  (Shi  et  al.,  200 la, b). 
However,  /3-galactosidasegene  expression  in  peripheral  organs 
of  the  mouse  was  eliminated  if  the  gene  was  under  the  influ¬ 
ence  of  the  GFAP  promoter  (Shi  et  a!.,  2001a).  Similarly,  in 
the  adult  rhesus  monkey,  ocular-specific  gene  expression  is  ob¬ 
served  after  the  intravenous  injection  of  HIRmAb-targeted  PILs 
carrying  a  trans-gene  driven  by  the  rhodopsin  promoter  (Zhang 
et  al.,  2003d). 

The  TfRmAb-targeted  PIL  delivers  the  TH  gene  to  hepato- 
cytes  because  the  hepatic  microcirculation  is  a  sinusoidal  net¬ 
work  of  highly  porous  capillaries,  which  allows  free  access  of 
the  85-nm  PIL  to  the  extravascular  space  of  liver.  Conversely, 
peripheral  organs  such  as  heart  or  kidney  are  perfused  by  con¬ 
tinuous  endothelial  barriers  that  block  the  egress  into  the  ex¬ 
travascular  compartment  of  the  circulating  PIL.  The  endo¬ 
thelium  of  most  peripheral  organs  do  not  express  sufficient 
amounts  of  TfR  to  enable  transcapillary  transport  of  the  PIL. 
Consequently,  there  is  no  gene  expression  in  these  organs  for 
either  TH  (Table  2)  or  for  reporter  genes  such  as  /3-galactosi- 
dase  or  luciferase  (Shi  et  al.,  2000,  2001a, b).  Unlike  capillar¬ 
ies  in  peripheral  tissues,  the  capillaries  of  the  brain  express  high 
levels  of  TfR  (Jefferies  et  al.,  1984;  Pardridge  et  al.,  1987), 
which  can  be  a  conduit  for  the  delivery  of  genes  to  rodent  brain 
(Shi  et  al.,  200  la, b).  The  PIL  targets  the  TfR,  which  causes  re¬ 
ceptor-mediated  transcytosis  across  the  BBB  followed  by 
receptor-mediated  endocytosis  across  the  neuronal  cell  mem¬ 
brane.  In  addition,  PILs  target  the  nuclear  membrane  and  the 
majority  of  intracellular  DNA  is  confined  to  the  nuclear  com¬ 
partment  at  24  hr  after  administration  (Zhang  et  al.,  2002a). 

The  GFAP-TH  gene  is  expressed  in  neurons  in  the  nigral- 
striatal  tract  after  the  intravenous  administration  of  the  clone 
951  DNA  encapsulated  in  the  TfRmAb-targeted  PIL,  as  dem¬ 
onstrated  by  confocal  microscopy  (Fig.  4).  Conversely,  neu¬ 
ronal  TH  expression  is  not  observed  in  the  cortex  based  on  ei¬ 
ther  measurement  of  TH  enzyme  activity  (Table  2)  or 
immuncytochemistry  (Fig.  3).  In  addition,  the  confocal  mi- 


FIG.  4.  Confocal  microscopy  of  striatum  in  6-OHDA-lesioned  rats  sacrificed  at  3  days  after  intravenous  injection  of  clone  951 
plasmid  DNA  encapsulatedinpegylatedimmunoliposomes(PILs)  targeted  either  with  mouse  IgG2a  (B  andE)  or  with  the  TfRmAb 
(A,  C,  D,  and  F).  Panels  A  and  D  are  from  the  striatum  contralateral  to  toxin  injection,  and  panels  B,  C,  E,  and  F  are  from  the 
striatum  ipsilateral  to  toxin  injection.  Panels  A-C  show  striatum  colabeled  with  a  mouse  monoclonal  antibody  to  neuronal  nu¬ 
clei  (NeuN)  (green)  and  a  rabbit  polyclonal  antibody  to  tyrosine  hydroxylase  (TH;  red).  Panels  D-F  show  striatum  colabeled  with 
a  mouse  monoclonal  antibody  to  the  200-kDa  neurofilament  protein  (green)  and  a  rabbit  polyclonal  antibody  to  TH  (red).  All 
images  were  taken  with  a  40X  objective,  and  the  magnification  bar  in  panel  A  is  20  fj, m.  All  images  are  three-dimensional  pro¬ 
jection  views  of  multiple  planar  images.  The  yellow  color  is  an  artifact  from  the  three-dimensional  projection  as  there  was  no 
overlap  observed  in  the  single  planar  views.  Confocal  microscopy  of  striatum  (G-I)  and  substantia  nigra  (J-L)  ipsilateral  to  the 
6-OHDA  lesion  in  rats  sacrificed  at  3  days  after  intravenous  injection  of  clone  95 1  plasmid  DNA  encapsulated  in  PILs  targeted 
with  the  TfRmAb.  Panels  G  and  J  show  immune  staining  (green  channel)  with  monoclonal  antibodies  to  glial  fibrillary  acidic 
protein  (GFAP)  and  neuronal  nuclei  (NeuN),  respectively.  Panels  H  and  K  show  immune  staining  (red  channel)  with  a  rabbit 
polyclonal  antibody  to  TH.  The  overlap  image  of  TH  and  GFAP  in  striatum  is  shown  in  panel  I;  the  overlap  image  of  TH  and 
NeuN  in  substantia  nigra  is  shown  in  panel  L.  Panels  G-L  were  photographed  with  a  40X  objective,  whereas  the  size  of  panels 
J-L  was  increased  with  a  2X  zoom.  The  inset  of  panel  L  is  a  100X  oil  immersion  view  of  colabeling  of  TH  (red),  neuronal  nu¬ 
clei  (NeuN)  (green),  and  the  overlap  (yellow)  in  a  neuron  in  the  substantia  nigra.  The  magnification  bars  in  panels  G  and  J  are 
20  and  10  fjtm,  respectively.  All  images  are  three-dimensional  projection  views  of  multiple  planar  images. 


TRANSVASCULAR  GENE  THERAPY  OF  THE  BRAIN 


347 


croscopy  shows  that  neuronal  tracts  immunopositive  for  the 
200-kDa  neurofilament  protein  do  not  express  TH  in  the  stria¬ 
tum  of  the  treated  rat  (Fig.  4F).  Neuronal  expression  of  the  TH 
transgene  in  the  nigro-striatal  tract  is  also  indicated  by  the  82% 


reduction  in  apormorphine-indtced  rotation  behavior  following 
intravenous  administration  of  the  GFAP-TH  in  the  TfRmAb- 
PIL  (Fig.  2).  The  ability  of  intravenous  TH  gene  therapy  to 
cause  normalization  of  nigral-striatal  TH  expression  in  the  6- 
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Table  3.  Real-time  PCR  Ct  for  TH  and  4F2hc  mRNA  Levels  in  Control,  Nonlesioned  Rats 
Treated  with  Either  Saline  or  TH  Gene  Therapy 


Organ 

Ct  values 

Saline 

TfRMAb-PIL/877 

TH 

4F2hc 

TH/4F2hc 

TH 

4F2hc 

TH/4F2hc 

Brain 

26.3  ±  0.1 

19.3  ±  0.2 

1.36  ±  0.01 

25.7  ±  0.1 

19.4  ±  0.3 

1.33  ±  0.02 

cortex 

Liver 

34.6  ±  1.3 

19.9  ±  0.2 

1.74  ±  0.06 

29.0  ±  2.3* 

20.1  ±  0.3 

1.43  ±  0.09* 

Mean  ±  SE  (n  =  3  rats  per  group). 

*p  <  0.05  difference  from  saline  values. 

PCR,  polymerase  chain  reaction;  Ct,  threshold  cycle;  TH,  tyrosine  hydroxylase. 


OHDA-lesioned  model  may  be  related  to  the  immediate  regen¬ 
eration  in  this  pathway  after  neurotoxin  administration.  Provid¬ 
ing  that  at  least  25%  of  the  nigral  neurons  survive  the  chemical 
lesion,  which  is  the  case  for  the  moderate  dose  (8  /rg)  of  6- 
OHDA  used  in  this  study  (see  Materials  and  Methods),  there  is 
intense  sprouting  of  surviving  neurons  from  the  substantia  nigra 
to  the  striatum  after  the  lesion  (Finkelstein  et  al.,  2000;  Parish 
et  al.,  2002).  Therefore,  when  the  TH  expression  plasmid  is  de¬ 
livered  to  substantia  nigral  neurons  at  4  weeks  after  the  lesion, 
the  enzyme  may  be  expressed  in  these  cell  bodies  (Fig.  4L)  and 
transported  to  the  regenerated  terminals  in  the  striatum  (Fig.  4C 
and  4F).  In  addition,  the  TH  may  be  transported  to  the  striatum 
via  neurons  that  survive  the  chemical  lesion. 

The  expression  of  the  GFAP-TH  gene  in  brain  is  confined 
to  neurons  with  no  expression  in  astrocytes  (Fig.  4).  The  5'-FS 
of  the  GFAP  gene  confers  brain  specificity  of  gene  expression, 
but  does  not  restrict  gene  expression  to  astrocytes  (Kaneko  and 
Sueoka,  1993;  Galou  et  al.,  1994).  Astrocyte-specific  expres¬ 
sion  requires  the  coordinate  interactions  of  regulatory  elements 
in  both  the  5'-FS  and  more  distal  parts  of  the  gene,  including 
the  3'-FS  (Kaneko  and  Sueoka,  1993).  Recent  work  in  trans¬ 
genic  models  demonstrate  that  the  5'-FS  of  the  GFAP  gene  en¬ 
ables  widespread  neuronal  expression  of  transgenes  in  brain 
(Zhuo  et  al.,  2001).  These  findings  parallel  other  observations 
that  neurons  secrete  trans-acting  factors  that  interact  with  the 
5'-FS  of  the  GFAP  gene  (Gomes  et  al.,  1999).  The  5'-FS  of 
the  GFAP  gene  is  completely  methylated  in  peripheral  tissues 
such  as  spleen  but  is  hypomethylatedin  neurons  and  astrocytes 
(Condorelli  et  al.,  1997).  In  the  presence  of  the  entire  GFAP 
gene,  the  neuron-suppressing  elements  in  the  3'-FS  prevent 
GFAP  gene  expression  in  neurons  in  brain  in  vivo  (Kaneko  and 
Sueoka,  1993).  However,  in  the  absence  of  the  3'-FS,  the  GFAP 
promoter  can  be  used  to  direct  brain-specific  expression  of  ex¬ 
ogenous  genes  in  neurons  (Zhuo  et  al.,  2001).  The  GFAP  pro¬ 
moter  also  enables  gene  expression  in  astrocytes  (Brenner  et 
al.,  1994).  However,  no  TH  gene  expression  in  astrocytes  was 
detected  in  this  study  (Fig.  4G-4I).  Similarly,  the  TH  gene  ex¬ 
pression  in  cortical  neurons  was  minimal  (Fig.  3).  Neither  as¬ 
trocytes  or  cortical  neurons  express  the  GTPCH  gene,  and  do 
not  produce  the  biopterin  cofactor  necessary  for  TH  enzyme  ac¬ 
tivity  (Nagatsu  et  al.,  1995;  Hwang  et  al.,  1998). 

The  absence  of  any  increase  in  the  cortex  of  innnunoreac- 
tive  TH  (Fig.  3)  or  TH  enzyme  activity  (Table  2)  is  paralleled 


by  the  absence  of  a  change  in  TH  mRNA  in  this  region  of  the 
brain  as  measured  by  real-time  PCR  (Table  3).  These  results 
parallel  the  findings  of  the  human  TH  transgenic  mouse, 
wherein  no  increase  in  TH  mRNA  levels  in  the  cortex  were 
recorded  (Kaneda  et  al.,  1991),  and  this  is  attributed,  in  part,  to 
the  absence  of  GTPCH  gene  expression  in  the  cortex  (Shimoji 
et  al.,  1999).  However,  the  expression  of  the  exogenous  TH 
gene  in  brain  after  delivery  with  PILs  is  expected  in  those  neu¬ 
rons  expressing  the  GTPCH  cofactor  gene.  The  use  of  a  brain- 
specific  promoter,  such  as  the  GFAP  gene  promoter,  eliminates 
ectopic  TH  gene  expression  in  peripheral  tissues,  but  would  not 
eliminate  TH  gene  expression  in  cells  of  the  brain  that  also  ex¬ 
press  the  GTPCH  cofactor  gene.  The  restriction  of  TH  gene  ex¬ 
pression  to  only  dopaminergic  neurons  is  possible  with  the  use 
of  a  trans-gene  driven  by  the  TH  gene  promoter  that  encom¬ 
passes  9  kb  of  the  5'-FS  of  the  gene  (Min  et  al.,  1994). 

The  striatal  TH  enzyme  activity  is  normalized  with  either  the 
SV40  promoter  (clone  877)  or  the  GFAP  promoter  (clone  951), 
as  shown  in  Table  2.  In  neither  case  are  supranormal  levels  of 
TH  enzyme  activity  observed.  These  observations  in  adult  rats 
subjected  to  TH  gene  therapy  parallel  findings  in  TH  transgenic 
mice.  Despite  a  more  than  50-fold  increase  in  nigral  TH  mRNA 
levels,  only  minor  increases  in  either  immunoreactive  TH  or  in 
TH  enzyme  activity  in  the  striatum  were  observed  (Kaneda  et 
al.,  1991).  These  observations  suggest  that  TH  gene  expression 
is  controlled  at  the  posttranscriptional  level  in  the  brain  so  that 
striatal  TH  enzyme  activity  is  regulated  within  a  narrow  range 
(Min  et  a!.,  1994). 

In  summary,  the  present  study  demonstrates  transduction  of 
the  entire  striatum  with  TH  gene  therapy  in  the  6-OHDA-le- 
sioned  rat  brain.  The  global  expression  of  the  TH  gene  in  the 
entire  striatum  is  possible  because  the  exogenous  gene  encap¬ 
sulated  in  PILs  is  delivered  to  brain  via  the  transvascular  route 
across  the  BBB.  With  the  transvascular  approach  to  brain  gene 
therapy,  nearly  every  neuron  in  the  brain  is  accessible  to  the 
exogenous  gene  after  intravenous  administration  in  either  ro¬ 
dents  (Shi  et  al.,  2001a, b)  or  primates  (Zhang  et  al.,  2003c,d). 
Ectopic  expression  of  the  TH  gene  in  peripheral  organs  such  as 
liver  is  eliminated  with  the  combined  use  of  a  brain-specific 
promoter  and  the  PIL  gene  targeting  technology.  Brain  TH  gene 
expression  is  reversible  and  declines  50%  at  6  days  after  a  sin¬ 
gle  intravenous  administration  (Zhang  et  al.,  2003a).  The  de¬ 
cline  in  gene  expression  with  time  is  caused  by  degradation  of 
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the  episomal  plasmid  DNA  based  on  real-time  PCR  measure¬ 
ments  (unpublished  observations).  Therefore,  long-term  TH 
gene  therapy  requires  repeat  administration  at  periods  deter¬ 
mined  by  the  persistence  in  brain  of  plasmid  gene  expression. 
PIL  gene  therapy  has  been  administered  intravenously  on  a 
weekly  schedule  and  this  resulted  in  a  100%  increase  in  sur¬ 
vival  time  in  mice  with  intra-cranial  brain  cancer  (Zhang  et  al„ 
2002b).  The  period  of  repeat  gene  administration  in  humans 
may  be  less  frequent,  as  the  level  of  gene  expression  in  the  rhe¬ 
sus  monkey  is  still  in  the  therapeutic  range  at  2-3  weeks  after 
a  single  intravenous  administration  (Zhang  etal.,  2003  d).  Long¬ 
term  weekly  administration  of  TH  expression  plasmids  encap¬ 
sulated  in  TfRmAb-targeted  PILs  has  no  toxic  side  effects  in 
rats  and  causes  no  change  in  serum  chemistry,  organ  histology, 
or  body  weights,  and  induces  no  inflammatory  reactions  in  brain 
(Zhang  et  al„  2003e).  Southern  blotting  shows  no  temporal  de¬ 
cline  in  the  level  of  plasmid  persistence  in  brain  associated  with 
long-term  weekly  intravenous  treatments  (Zhang  et  al„  2003e). 
Long-term  administration  of  reversible,  episomal-basednonvi- 
ral  gene  therapeutics  is  an  alternative  approach  that  avoids  prob¬ 
lems  associated  with  random  and  permanent  integration  in  the 
host  genome  of  exogenous  genes.  The  use  of  the  PIL  gene  tar¬ 
geting  technology  enables  the  noninvasive  delivery  of  the  ex¬ 
ogenous  gene  to  all  target  cells  within  the  brain  after  intravenous 
administration. 
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Abstract — Many  chronic  neurologic  diseases  do  not  respond  to  small  molecule  therapeutics,  and  have  no  effective 
long-term  therapy.  Gene  therapy  offers  the  promise  of  an  effective  cure  for  both  genetic  and  acquired  brain  disease. 
However,  the  limiting  problem  in  brain  gene  therapy  is  delivery  to  brain  followed  by  regulation  of  the  expression  of  the 
transgene.  Present  day  gene  vectors  do  not  cross  the  blood-brain  barrier  (BBB).  Consequently,  brain  gene  therapy  requires 
craniotomy  and  the  local  injection  of  a  viral  gene  vector.  However,  there  are  few  brain  disorders  that  can  be  effectively 
treated  with  local  injection.  Most  applications  of  gene  therapy  require  global  expression  in  the  brain  of  the  exogenous 
gene,  and  this  can  only  be  achieved  with  a  noninvasive  delivery  through  the  BBB — the  trans-vascular  route  to  brain.  An 
additional  consideration  is  the  potential  toxicity  of  all  viral  and  nonviral  approaches,  which  may  either  integrate  into  the 
host  genome  and  cause  insertional  mutagenesis  or  cause  inflammation  in  the  brain.  Nonviral,  noninvasive  gene  therapy  of 
the  brain  is  now  possible  with  the  development  of  a  new  approach  to  targeting  therapeutic  genes  to  the  brain  following  an 
IV  administration.  This  approach  utilizes  genetically  engineered  molecular  Trojan  horses,  which  ferry  the  gene  across  the 
BBB  and  into  neurons.  Global  and  reversible  expression  of  therapeutic  genes  in  the  human  brain  without  surgery  and 
without  viral  vectors  is  now  possible. 

NEUROLOGY  2004;62:1275-1281 


Certain  brain  diseases  such  as  affective  disorders, 
chronic  pain,  or  epilepsy  respond  sufficiently  to  con¬ 
ventional  small  molecule  neurotherapeutics.  How¬ 
ever,  the  majority  of  brain  diseases  do  not  respond 
well  to  small  molecule  drugs,  and  have  no  effective 
long-term  therapy.  Many  such  conditions  are  candi¬ 
dates  for  gene  therapy,1  and  these  include  both  ge¬ 
netic  (table)  and  acquired  brain  disorders.  While 
gene  therapy  holds  great  promise  for  the  treatment 
of  brain  disease,  progress  in  clinical  trials  has  been 
slow,  and  a  major  limiting  factor  is  delivery  of  the 
gene  to  brain.  Gene  expression  vectors  do  not  cross 
the  blood-brain  barrier  (BBB)  following  an  IV  admin¬ 
istration,  and  must  be  given  via  craniotomy.  How¬ 
ever,  the  local  injection  of  an  exogenous  gene  in  the 
brain  treats  <1%  of  the  1,200  g  human  brain,  and  it 
is  not  clear  if  any  brain  disease  can  be  effectively 
treated  with  local  intracerebral  injections  of  the 
gene.  Apart  from  how  the  gene  is  actually  delivered 
to  the  brain,  the  other  confounding  factor  in  brain 
gene  therapy  is  the  use  of  viral  vectors.  The  use  of 
viruses  in  humans  may  have  unwanted  side  effects, 
including  permanent  integration  into  the  host  ge¬ 
nome  and  brain  inflammation. 

The  delivery  issue  in  brain  gene  therapy  has  be¬ 
come  such  a  limiting  factor,  because  the  viral  vectors 


were  initially  tested  in  cell  culture,  where  the  BBB  is 
absent.  The  inability  of  the  vector  to  cross  the  BBB 
necessitated  craniotomy-based  gene  delivery,  which 
then  resulted  in  limited  distribution  of  the  gene  in 
brain,  because  the  gene  is  only  expressed  in  brain  at 
the  tip  of  the  injection  needle.  However,  most  brain 
diseases  that  are  candidates  for  gene  therapy  require 
the  gene  be  delivered  to  the  majority  of  cells  in  the 
brain.  Because  every  neuron  is  virtually  perfused  by 
its  own  blood  vessel,  the  majority  of  cells  in  the  brain 
can  be  transduced  if  the  gene  medicine  is  delivered 
to  brain  via  the  trans-vascular  route  across  the  BBB. 
Recently,  a  new  approach  to  brain  gene  therapy  has 
emerged  that  enables  the  trans-vascular  delivery  of 
exogenous  nonviral  genes  to  the  brain.  This  is  accom¬ 
plished  by  targeting  nanocontainers  carrying  genes 
to  the  brain  via  delivery  on  endogenous  BBB  trans¬ 
port  systems.2 

Craniotomy-based  brain  delivery.  The  inability 
to  distribute  effectively  to  brain  following  craniotomy- 
based  brain  delivery  is  illustrated  in  the  figure,  A,  for 
an  intracerebral  (IC)  injection,  and  in  the  figure,  B,  for 
an  intracerebroventricular  (ICV)  injection.  The  autora¬ 
diogram  of  rat  brain  shown  in  the  figure,  A,  was  taken 
48  hours  after  the  intracerebral  implantation  of  a  2 
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Table  CNS  gene  therapy  candidates:  Inherited  diseases 


Group/disease 

Gene 

GenBank  accession  ID 

Lysosomal  storage  disorders 

MPS-1  (Hurlers) 

IDUA 

NM_000203 

MPS-II  (Hunters) 

IDS 

NM_000202 

MPS-IIIA  (Sanfilippo  A) 

SGSH 

NM_000199 

MPS-IIIB  (Sanfilippo  B) 

NAGLU 

NM_0 16256 

MPS-VII  (Sly) 

GUSB 

NM_000181 

Fabry  disease 

GLA 

NM_000169 

Neuronal  ceroid  lipofuscinosis  (NCL1) 

PPT 

NM_000310 

NCL2,  late  infantile  (Jansky-Bielschowsky) 

CLN2 

NM_000391 

Leukodystrophy  (Canavan) 

ASPA 

NM_000049 

Globoid  cell  dystrophy  (Krabbe) 

GALC 

NM_000153 

GM2  gangliosidosis  I  (Tay-Sachs) 

HEXA 

NM_000520 

GM2  gangliosidosis  II  (Sandhoff) 

HEXB 

NM_000521 

GM2  gangliosidosis  AB 

GM2A 

NM_000405 

Spongiform  encephalopathy 

PRNP 

NM_000311 

Transcription  factor  disorders 

Rett  syndrome 

MeCP2 

NM_004992 

Fragile-X  syndrome 

FMR1 

NM_002024 

FMR2 

NM_002025 

Familial  dysautonomia 

IKBKAP 

NM_003640 

Ataxias 

Ataxia  telangiectasia 

ATM 

NM_138293 

Friedreich  ataxia 

FRDA 

NM_000144 

SCA1 

SCA1 

NM_000332 

SCA2 

SCA2 

NM_002973 

SCA3  (Machado-Joseph) 

SCA3 

NM_004993 

Triplet  repeat  (CAG)  disorders 

Huntington  disease 

Huntingtin 

NM_002111 

Spinal-bulbar  muscular  atrophy  (Kennedy) 

SBMA 

NM_000044 

Dentatorubralpallidoluysian  atrophy 

DRPLA 

NM_001940 

Blindness 

Retinitis  pigmentosa-1 

RHO 

NM_000539 

Peripherin-related  retinal  degeneration 

RDS 

NM_000322 

Gyrate  atrophy 

OAT 

NM_000274 

CNS  tumor 

Neurofibromatosis  1  (von  Recklinghausen) 

NF1 

NM_000267 

Neurofibromatosis  2 

NF2 

NM_000268 

Retinoblastoma 

RB 

NM_000321 

IDUA  =  alpha-L-iduronidase;  IDS  =  iduronate  2-sulfatase;  SGSH  =  N-sulfoglucosamine  sulfohydrolase;  NAGLU  = 
N-acetylglucosamine-l-phosphodiester  alpha-N-acetylglucosaminidase;  GUSB  =  (3-glucuronidase;  GLA  =  a-galactosidase;  PPT  = 
palmityl-protein  thioesterase;  CLN2  =  tripeptidyl-peptidase;  ASPA  =  aspartoacyclase;  GALC  =  galactosylceramidase;  HEXA  = 
hexoaminidase  A;  HEXB  =  hexoaminidase  B;  GM2A  =  GM2  ganglioside  activator  protein;  PRNP  =  prion  protein;  MeCP2  =  methyl- 
CpG-binding  protein;  FMR  1  =  familial  mental  retardation;  IKBKAP  =  IkappaB  kinase  complex-associated  protein;  ATM  =  ataxia  tel¬ 
angiectasia  mutated;  FRDA  =  Friedreich  ataxia  (human  frataxin);  SCA  =  spinocerebellar  ataxia;  SBMA  =  spinal  and  bulbar  muscular 
atrophy;  DRPLA  =  dentatorubralpallidoluysian  atrophy;  RHO  =  rhodopsin;  RDS  =  retinal  degeneration,  slow;  OAT  =  ornithine  ami¬ 
notransferase;  NF  =  neurofibromin;  RB  =  retinoblastoma. 


mm  polymeric  disc  containing  radiolabeled  nerve 
growth  factor  (NGF).3  The  study  shows  that  this  25,000 
Dalton  neurotrophic  factor  has  not  effectively  distrib¬ 
uted  to  brain,  as  the  treatment  volume  is  about  the 


same  size  as  the  volume  occupied  by  the  implant.  The 
distribution  of  a  drug  into  brain  is  no  better  with  an 
ICV  administration,  as  illustrated  by  the  autoradio¬ 
gram  of  rat  brain  taken  24  hours  after  the  ICV  injec- 
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Figure.  (A)  Film  autoradiogram  of  rat  brain  at  48  hours  after  the  intracerebral  (IC)  implantation  of  a  polymer  embed¬ 
ded  with  [125I]-nerve  growth  factor.  The  diameter  of  the  polymeric  disc  was  2  mm  and  the  distance  bar  in  the  figure  is  2.5 
mm.  The  study  shows  minimal  diffusion  of  a  drug  into  brain  parenchyma  following  the  IC  route  of  administration.  From 
Krewson  et  al.3  (B)  Film  autoradiogram  of  rat  brain  at  24  hours  after  the  intracerebroventricular  (ICV)  injection  of  [125 I] - 
brain  derived  neurotrophic  factor  into  one  lateral  ventricle  (LV).  The  drug  moves  into  the  third  ventricle  (3V),  prior  to  exit 
into  the  general  circulation,  and  does  not  diffuse  either  to  the  contralateral  brain  or  beyond  the  ipsilateral  ependymal 
barrier.  From  Yan  et  al.4  (C)  India  ink  injection  study  showing  the  complex  vascular  network  in  the  rat  brain.  From  Bar.6 
(D)  Histochemistry  of  Rhesus  monkey  brain  for  fi-galactosidase  gene  expression,  which  is  indicated  by  the  deposition  of  a 
blue  chromagen.  The  control,  uninjected  primate  brain  is  shown  on  the  left  panel.  The  right  panel  is  primate  brain  re¬ 
moved  2  days  after  a  single  IV  injection  of  the  fi-galactosidase  expression  plasmid  encapsulated  in  a  pegylated  immunoli- 
posome  (PIL)  targeted  to  brain  with  a  monoclonal  antibody  (mAb)  to  the  human  insulin  receptor  (HIR).  The  HIRMAb 
targets  the  PIL  across  both  the  blood-brain  barrier  and  the  neuronal  cell  membrane.  This  study  in  the  living  primate 
shows  it  is  possible  to  achieve  adult  transgenics  in  24  hours  with  the  IV  injection  of  a  nonviral  formulation  of  an  exoge¬ 
nous  gene.  From  Zhang  et  al.20 


tion  of  radiolabeled  brain  derived  neurotrophic  factor 
(BDNF)  (see  the  figure,  B).4  The  neurotrophin  distrib¬ 
utes  only  to  the  ipsilateral  ependymal  surface,  and 
does  not  effectively  enter  into  brain.  The  IC  or  ICV 
delivery  approaches  both  rely  on  diffusion  of  drug  or 
gene  into  brain.  However,  the  efficacy  of  diffusion  de¬ 
creases  exponentially  with  the  distance  from  the  im¬ 
plantation  site.  The  limitations  of  diffusion  provide  the 
basis  for  a  third  craniotomy-based  approach  to  brain 
gene  delivery  called  convection  enhanced  diffusion 
(CED),  wherein  drug  or  gene  is  infused  into  the  brain 
via  bilateral  cannulas  connected  to  an  external  delivery 


device.5  While  CED  is  more  effective  than  the  diffusion- 
based  delivery  approaches,  it  is  still  not  possible  to 
deliver  genes  to  the  entire  brain  with  this  invasive 
approach. 

The  trans-vascular  route  to  brain.  The  human 
brain  is  perfused  by  more  than  100  billion  capillar¬ 
ies,  which  form  the  BBB  in  vivo.  Virtually  every 
brain  cell  is  perfused  by  its  own  blood  vessel,  and  the 
passage  of  a  gene  across  the  capillary  barrier  deliv¬ 
ers  the  gene  to  the  doorstep  of  every  neuron  in  the 
brain.2  The  complexity  of  the  vascular  tree  in  brain 
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is  illustrated  in  the  India  ink  stain  of  rat  brain 
shown  in  the  figure,  C.6  There  are  approximately  400 
miles  of  capillaries  in  the  human  brain,  and  the 
global  distribution  of  a  gene  medicine  to  virtually 
every  neuron  in  the  human  brain  is  possible  with  a 
trans-vascular  route  to  the  brain. 

Trans-vascular  delivery  of  genes  to  the  brain  has 
been  attempted  with  BBB  disruption,  using  the  in¬ 
tracarotid  infusion  of  either  hyperosmolar  solutions 
or  vasoactive  compounds.  However,  this  approach  re¬ 
quires  arterial  access,  and  the  disruption  of  the  BBB 
leads  to  chronic  neuropathologic  changes  in  the 
brain.7  Blood  proteins  such  as  albumin  are  toxic  to 
brain  cells,8  and  BBB  disruption  allows  blood  compo¬ 
nents  to  enter  the  brain. 

Trans-vascular  delivery  of  genes  is  also  possible 
without  disrupting  the  BBB  by  accessing  certain  en¬ 
dogenous  transport  systems  within  the  BBB.9  The 
capillary  endothelium,  which  forms  the  BBB,  ex¬ 
presses  receptor-mediated  transcytosis  (RMT)  sys¬ 
tems  for  certain  endogenous  peptides  such  as 
insulin,  transferrin,  and  others.  Either  the  endoge¬ 
nous  peptide  or  a  peptidomimetic  monoclonal  anti¬ 
body  (mAh)  are  delivered  to  brain  from  blood  via  the 
BBB  RMT  systems.  In  the  case  of  the  peptidomi¬ 
metic  mAh,  the  antibody  binds  to  an  exofacial 
epitope  on  the  endothelial  receptor,  which  is  re¬ 
moved  from  the  binding  site  for  the  endogenous  li¬ 
gand,  and  piggybacks  across  the  BBB  on  the 
endogenous  RMT  system.  Since  the  mAh  and  the 
endogenous  ligand  bind  to  different  sites  on  the  re¬ 
ceptor,  there  is  no  interference  by  the  mAh  with 
binding  of  the  endogenous  ligand,10-11  unless  very 
high  concentrations  of  the  mAh  are  used.11,12  High 
concentrations  of  the  mAh,  which  would  not  be  used 
for  therapeutic  purposes,  can  have  functional  effects 
at  the  targeted  receptor,  although  the  mAh  has  weak 
agonist  properties  compared  to  the  endogenous  li¬ 
gand.13  The  peptidomimetic  mAh  can  be  used  as  mo¬ 
lecular  Trojan  horses  to  ferry  across  the  BBB  any 
attached  drug  or  gene.9  In  the  case  of  gene  delivery, 
the  molecular  Trojan  horse  technology  must  be 
merged  with  special  nonviral  gene  delivery  systems 
utilizing  liposomes. 

Nonviral  gene  delivery  systems.  Nonviral  gene 
transfer  technology  was  developed  because  of  the  po¬ 
tential  toxicity  of  viral  vectors  used  in  gene  therapy. 
There  is  a  risk  of  insertional  mutagenesis  with  viral 
vectors  such  as  retrovirus  or  adeno-associated  virus 
(AAV).  In  addition,  90%  of  the  human  population  has 
a  pre-existing  immunity  to  most  viral  vectors,  which 
can  induce  inflammation  in  the  brain.14  Therefore,  a 
nonviral  gene  delivery  system  was  considered.  Con¬ 
ventional  nonviral  gene  delivery  systems  utilize  cat¬ 
ionic  polyplexes  of  the  anionic  plasmid  DNA  and  a 
cationic  polymer.  While  these  complexes  are  stable 
in  water,  the  cationic  polyplexes  aggregate  in  saline 
and  embolize  in  the  lung  in  vivo.15'17 

The  aggregation  of  the  DNA  and  the  nonviral  gene 
delivery  system  can  be  eliminated  if  the  DNA  is  en¬ 
capsulated  in  the  interior  of  a  nanocontainer  such  as 
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an  85  nm  liposome.  This  structure  is  the  same  size 
as  many  viral  gene  delivery  systems.  The  surface  of 
the  liposome  must  be  conjugated  with  several  thou¬ 
sand  strands  of  polyethyleneglycol  (PEG),  and  this 
PEGylation  of  the  liposome  makes  the  nanocontainer 
stable  in  the  blood  with  prolonged  blood  residence 
times.18  PEGylated  liposomes  carrying  small  mole¬ 
cule  drugs  are  not  immunogenic,  and  are  Food  and 
Drug  Administration  (FDA)-approved  pharmaceuti¬ 
cals.  A  PEGylated  liposome,  per  se,  will  not  cross  the 
BBB.19  To  enable  transport  across  the  BBB  via 
receptor-mediated  transport,  the  tips  of  1  to  2%  of 
the  PEG  strands  must  be  conjugated  with  a  BBB 
molecular  Trojan  horse.  This  formulation  is  called  a 
pegylated  immunoliposome  or  PIL. 

The  immunogenic  component  of  the  PIL  is  the 
molecular  Trojan  horse,  which  may  be  a  targeting 
mAh.  However,  the  immunogenicity  of  the  mAh  can 
be  eliminated  with  genetic  engineering  and  the  for¬ 
mation  of  chimeric  or  humanized  mAh.  Genetically 
engineered  mAh  are  FDA-approved  drugs. 

Gene  delivery  to  the  primate  brain.  The  global 
expression  of  an  exogenous  gene  in  the  entire  Rhesus 
monkey  brain  following  an  IV  injection  of  PIL  is 
shown  in  the  figure,  D.  An  expression  plasmid  encod¬ 
ing  for  bacterial  p-galactosidase  was  encapsulated  in 
the  interior  of  PIL,  which  were  targeted  with  a  mAh 
to  the  human  insulin  receptor  (HIR).  The  animal 
was  killed  48  hours  later  and  frozen  sections  of  the 
brain  were  treated  with  a  chromagen  that  is  hydro¬ 
lyzed  to  a  blue  reaction  product  if  the  bacterial 
(3-galactosidase  gene  is  expressed  in  brain.20  In  the 
absence  of  this  gene,  there  is  no  histochemical  reac¬ 
tion,  as  shown  on  the  left  hemisphere  of  the  figure, 
D,  which  is  taken  from  a  healthy  control  Rhesus 
monkey.  However,  in  the  primate  treated  with  the 
PIL  gene  delivery  system,  there  is  global  expression 
of  the  transgene  throughout  the  entire  brain,  as 
shown  in  the  right  hemisphere  of  the  figure,  D.  Con- 
focal  microscopy  showed  the  transgene  was  ex¬ 
pressed  in  neurons.20  Neuronal  expression  was 
possible,  because  the  insulin  receptor  is  expressed 
both  at  the  BBB  and  the  neuronal  cell  membrane. 
Therefore,  the  HIRMAb  molecular  Trojan  horse  de¬ 
livered  the  PIL  carrying  the  exogenous  gene  both 
across  the  BBB  and  across  the  neuronal  plasma 
membrane.  For  applications  in  humans,  the 
HIRMAb  has  been  genetically  engineered  for  use  in 
humans  and  is  transported  across  the  primate  brain 
just  as  well  as  the  original  murine  HIRMAb.21 

Brain  specific  gene  expression.  The  delivery  of  an 
exogenous  gene  to  brain  with  a  molecular  Trojan 
horse  that  targets  the  insulin  receptor  could  poten¬ 
tially  lead  to  ectopic  gene  expression  in  nonbrain 
organs,  which  also  express  the  insulin  receptor. 
However,  if  the  therapeutic  gene  is  under  the  influ¬ 
ence  of  a  brain  specific  gene  promoter,  then  ectopic 
gene  expression  in  peripheral  organs  is  eliminat¬ 
ed.22,23  Within  the  brain,  there  are  certain  genes  that 
are  only  expressed  in  specific  regions  of  the  brain. 
For  example,  the  gene  encoding  the  glutamate  recep- 


tor  (32  subunit  (GluR|32)  is  only  expressed  in  the 
Purkinje  cell  layer  of  the  brain.24  Depending  on  the 
neurologic  disease,  it  may  be  preferred  to  restrict 
expression  of  the  exogenous  gene  to  a  defined  region 
of  the  brain,  and  this  is  possible  with  specific 
promoters. 

Persistence  of  gene  expression.  There  are  two  fun¬ 
damentally  different  approaches  to  gene  therapy: 
permanent  integration  of  the  host  genome  or  episo- 
mal  gene  expression.  It  is  possible  to  obtain  perma¬ 
nent,  yet  random,  integration  of  the  host  genome 
without  viral  vectors,  if  the  gene  expression  cassette 
is  flanked  by  terminal  inverted  repeat  (IR)  gene  ele¬ 
ments,  which  mediate  chromosomal  integration.25 
However,  random  integration  in  the  host  genome  can 
lead  to  insertional  mutagenesis  and  cancer,  which 
has  complicated  the  use  of  retroviral  gene  therapy 
vectors.26  Until  the  human  genome  can  be  targeted 
with  chromosomal  integration  that  does  not  cause 
mutagenesis,  the  alternative  approach  is  to  use  gene 
therapy  vectors  that  do  not  integrate  in  the  host 
genome,  but  instead  function  as  nuclear  episomal 
structures  or  mini-chromosomes.  Episomal  gene  ex¬ 
pression  systems  are  degraded  by  the  nuclear  DNAse 
leading  to  a  loss  in  gene  expression,  and  this  re¬ 
quires  repeat  administration  of  the  gene.  The  inter¬ 
val  of  repeat  gene  therapy  is  a  function  of  the 
persistence  of  the  episomal  structure.  The  survival 
time  of  mice  with  intracranial  experimental  brain 
cancer  was  increased  100%  with  repeat  weekly  IV 
antisense  gene  therapy  directed  at  the  human  epi¬ 
dermal  growth  factor  receptor.  This  antisense  gene 
was  delivered  to  the  brain  cancer  using  the  PIL  de¬ 
livery  technology.27  In  experimental  parkinsonism 
rats  were  treated  with  an  intracerebral  injection  of 
the  neurotoxin  6-hydroxydopamine  in  the  medial 
forebrain  bundle.  Striatal  tyrosine  hydroxylase  (TH) 
was  normalized  after  an  IV  injection  of  the  TH  gene 
delivered  to  brain  with  the  PIL  system.  The  TH  gene 
expression  decayed  50%  and  90%  at  6  and  9  days 
after  a  single  IV  administration.28  In  adult  Rhesus 
monkeys,  the  level  of  gene  expression  is  still  in  the 
therapeutic  range  for  2  to  3  weeks  after  a  single  IV 
injection.23  Thus,  the  period  of  repeat  administration 
in  humans  may  be  on  the  order  of  a  month.  The 
challenge  of  episomal-based  gene  therapy  in  the  fu¬ 
ture  is  to  develop  plasmid  formulations  that  have 
improved  resistance  to  nuclear  degrading  enzymes. 
Greater  persistence  of  the  transgene  will  reduce  the 
frequency  of  repeat  gene  administration.  The  chronic 
repeat  administration  of  episomal-based  gene  medi¬ 
cines  may  cause  either  tissue  toxicity  or  inflamma¬ 
tion.  However,  the  chronic  weekly  IV  administration 
of  exogenous  genes  with  the  PIL  formulation  has  no 
toxic  side  effects  and  causes  no  inflammation  in  or¬ 
gans,  including  the  brain.29  The  long-term  effects  of 
gene  therapy  in  humans  over  many  years  are  not 
known.  However,  the  component  of  the  PIL  that  is 
potentially  immunogenic  is  the  targeting  mAb, 
which  will  be  genetically  engineered  for  chronic  use 
in  humans.  Genetically  engineered  or  humanized 


mAb-based  therapeutics  are  FDA-approved  drugs, 
and  are  presently  given  for  the  treatment  of  chronic 
disease. 

Brain  gene  therapy  candidates:  inherited  disease. 
Many  inborn  errors  of  metabolism  have  devastating 
effects  on  the  brain,  and  a  partial  list  is  given  in  the 
table,  along  with  the  GenBank  accession  number  of 
the  affected  human  gene.  These  conditions  are  prime 
candidates  for  brain  gene  therapy,  because  the  mu¬ 
tated  gene  is  generally  not  functional  and  normal 
phenotype  could  be  restored  by  replacement  gene 
therapy.  The  mucopolysaccharidoses  affect  the  brain 
and  could  be  treatable  with  brain  gene  therapy.30 
Canavan  disease  is  an  autosomal  recessive  leukodys¬ 
trophy  caused  by  mutations  in  the  aspartoacylase 
(ASPA)  gene.31  The  loss  of  ASPA  activity  leads  to 
neurotoxicity  in  the  brain  with  features  of  spongi¬ 
form  degeneration  of  oligodendrocytes,  neurodevel- 
opmental  retardation,  and  a  life  expectancy  of  up  to 
10  years.  Phase  I  clinical  trials  of  Canavan  disease 
have  been  designed,  with  the  use  of  AAV  as  the 
vector  for  the  ASPA  gene;  in  this  trial,  a  total  of  10 
billion  AAV  particles  are  injected  in  six  different  ar¬ 
eas  of  the  brain.32  Based  on  a  1%  transduction  effi¬ 
ciency,  this  treatment  regimen  is  intended  to 
transduce  only  180  million  brain  cells,  which  is  <11% 
of  the  total  brain  cells  affected  in  Canavan  disease. 

The  gene  therapy  of  certain  inherited  conditions 
may  be  more  complex  where  the  therapeutic  strategy 
may  be  the  knockout  of  allele-specific  dominant 
genes.  In  this  case,  the  combination  of  RNA  interfer¬ 
ence  (RNAi)  and  gene  transfer  technology  may  be 
required.  Recent  studies  suggest  it  is  possible  to 
knock  down  a  pathogenic  allele  that  differs  from  the 
wild  type  allele  by  a  single  nucleotide  mismatch  us¬ 
ing  RNAi  technology.33 

Brain  gene  therapy  candidates:  acquired  disease. 
The  treatment  of  acquired  brain  disease  with  gene 
therapy  is  also  possible,  but  potentially  more  compli¬ 
cated  than  the  treatment  of  inborn  errors  that  arise 
from  the  mutation  of  a  single  gene.  Acquired  brain 
diseases  that  could  benefit  from  gene  therapy  in¬ 
clude  Parkinson  disease  (PD)  and  other  neurodegen- 
erative  conditions,34'36  brain  cancer,37-40  neuro-AIDS 
and  other  brain  infections,  multiple  sclerosis,41  brain 
trauma,  acute  neurologic  insults,  and  retinal  disor¬ 
ders.42  Experimental  forms  of  PD  have  responded  to 
gene  therapy  that  augments  the  expression  of  TH, 
the  rate-limiting  enzyme  in  dopamine  production. 
Striatal  TH  is  99%  depleted  in  experimental  PD,  and 
striatal  TH  can  be  completely  normalized  with  a  sin¬ 
gle  IV  injection  of  a  TH  expression  plasmid,  encapsu¬ 
lated  in  targeted  PIL.28  The  normalization  of  striatal 
TH  is  possible  with  the  delivery  of  only  5  to  10  plas¬ 
mid  DNA  molecules  per  brain  cell,  which  illustrates 
the  high  level  of  efficiency  of  the  PIL  brain  gene 
targeting  technology.  However,  the  therapy  of  PD 
must  also  be  aimed  at  slowing  the  neurodegenera¬ 
tion  of  this  condition,  and  this  may  be  possible  with 
gene  therapy  that  augments  the  production  of  neuro- 
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trophins  such  as  glial  derived  neurotrophic  factor 
within  the  nigro-striatal  tract. 

Brain  gene  therapy  of  acquired  brain  disease  such 
as  brain  cancer  or  neuro-AIDS  may  be  more  straight¬ 
forward  where  the  goal  is  to  suppress  the  expression 
of  either  oncogenes  or  viral  specific  genes.  A  new 
form  of  genetic  knockdown  in  adult  animals  is  RNAi. 
In  this  approach  a  short  hairpin  RNA  (shRNA)  mol¬ 
ecule  is  produced  from  an  expression  vector,  and  the 
shRNA  of  defined  sequence  hybridizes  with  the  tar¬ 
get  mRNA  to  cause  transcript  degradation  and 
knockdown  of  gene  expression.  RNAi  is  a  powerful 
new  technology,  but  RNAi  is  another  form  of  gene 
therapy;  the  delivery  issues  limiting  gene  therapy 
also  apply  and  will  limit  RNAi-based  gene  therapy. 
RNAi-expressing  plasmids  have  been  delivered  to  ex¬ 
perimental  brain  cancer  with  the  PIL  gene  targeting 
technology,  and  this  results  in  90%  knockdown  of 
brain  cancer  specific  gene  expression.43 

Regulation  of  expression  of  exogenous  genes  in 
brain.  Once  the  brain  gene  delivery  problem  is 
solved,  a  concern  with  the  administration  of  gene 
therapeutics  to  the  brain  is  whether  the  exogenous 
gene  is  overexpressed.  However,  this  may  be  a  prob¬ 
lem  in  only  a  minority  of  clinical  settings.  The  ex¬ 
pression  of  certain  exogenous  genes  in  brain  will  be 
tightly  regulated  within  a  normal  range  by  endoge¬ 
nous  mechanisms.  This  is  illustrated  in  the  case  of 
tyrosine  hydroxylase  gene  therapy.  The  enzyme  ac¬ 
tivity  of  tyrosine  hydroxylase  arising  from  the  ex¬ 
pression  of  an  exogenous  gene  is  regulated  within 
the  normal  range.28  In  other  cases  of  RNAi  gene  ther¬ 
apy,  the  maximal  expression  of  the  exogenous  gene 
is  desired.43  In  the  event  that  the  expression  of  an 
exogenous  gene  is  not  regulated  by  brain,  and  that 
overexpression  of  the  exogenous  gene  has  adverse 
effects,  then  it  is  possible  to  reduce  the  level  of  gene 
expression  simply  by  reducing  the  dose  of  the  exoge¬ 
nous  gene.28  Alternatively,  the  regulation  of  expres¬ 
sion  of  the  exogenous  gene  may  be  controlled  by 
ligand  dependent  promoters,  such  as  the  tetracycline 
inducible  promoter.44 
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Abstract 

Background  The  tissue-specific  expression  of  an  exogenous  gene,  under  the 
influence  of  a  tissue-specific  promoter,  has  been  examined  in  the  past  with 
pro-nuclear  injections  of  the  transgene  and  the  development  of  transgenic 
mouse  models.  ‘Adult  transgenics’  is  possible  with  the  acute  expression 
of  an  exogenous  gene  that  is  administered  to  adult  animals,  providing  the 
transgene  can  be  effectively  delivered  to  distant  sites  following  an  intravenous 
administration. 

Methods  The  organ  specificity  of  exogenous  gene  expression  in  adult  mice 
was  examined  with  a  bacterial  /J-galactosidase  (LacZ)  expression  plasmid 
under  the  influence  of  the  bovine  rhodopsin  gene  promoter.  The  8-kb  plasmid 
DNA  was  delivered  to  organs  following  an  intravenous  administration  with 
the  pegylated  immunoliposome  (PIL)  non-viral  gene  transfer  technology.  The 
PIL  carrying  the  gene  was  targeted  to  organs  with  the  rat  8D3  monoclonal 
antibody  (MAb)  to  the  mouse  transferrin  receptor  (TfR). 

Results  The  rhodopsin//! -galactosidase  gene  was  expressed  widely  in  both 
the  eye  and  the  brain  of  adult  mice,  but  was  not  expressed  in  peripheral 
tissues,  including  liver,  spleen,  lung,  or  heart.  Ocular  expression  included  the 
retinal-pigmented  epithelium,  the  iris,  and  ciliary  body,  and  brain  expression 
was  observed  in  neuronal  structures  throughout  the  cerebrum  and  cerebellum. 

Conclusions  The  expression  of  trans-genes  in  adult  animals  is  possible  with 
the  PIL  non-viral  gene  transfer  method.  The  opsin  promoter  enables  tissue- 
specific  gene  expression  in  the  eye,  as  well  as  the  brain  of  adult  mice,  whereas 
gene  expression  in  peripheral  tissues,  such  as  liver  or  spleen,  is  not  observed. 
Copyright  ©  2004  John  Wiley  &  Sons,  Ltd. 
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Tissue-specific  gene  expression  in  the  brain  under  the  influence  of  a 
specific  promoter  is  generally  examined  with  transgenic  mice  follow¬ 
ing  pro-nuclear  injection  of  the  gene  and  development  of  the  embryo 
into  mature  animals.  The  expression  of  trans-genes  in  adult  animals 
within  24  h  is  possible  with  intravenous  administration  and  non-viral 
gene  targeting  technology.  A  new  approach  to  non-viral  gene  transfer 
encapsulates  plasmid  DNA  inside  pegylated  immunoliposomes  (PILs)  [1], 
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The  PIL  gene  transfer  technology  has  been  used  in  adult 
mice,  rats,  and  adult  rhesus  monkeys  [2-4].  The  non- 
viral  plasmid  DNA  is  encapsulated  in  the  interior  of 
an  85-nm  liposome,  and  the  surface  of  the  liposome 
is  conjugated  with  several  thousand  strands  of  2000 
Da  poly  (ethylene  glycol)  (PEG).  This  pegylation  of  the 
liposome  stabilizes  the  nanocontainer  in  vivo,  and  allows 
for  prolonged  blood  residence  time  [5].  The  pegylated 
liposome  is  targeted  across  biological  barriers  in  the  brain 
using  targeting  ligands  that  are  conjugated  to  the  tips  of 
1-2%  of  the  PEG  strands.  The  targeting  ligand  may  be 
an  endogenous  peptide  or  a  peptidomimetic  monoclonal 
antibody  (MAb)  that  targets  a  cell  surface  receptor,  and 
enables  transport  of  the  PIL  across  the  membrane  barrier. 
For  gene  targeting  to  the  brain,  the  PIL  must  be  delivered 
across  both  the  brain  capillary  endothelial  wall,  which 
forms  the  blood-brain  barrier  (BBB)  in  vivo,  and  the  brain 
cell  plasma  membrane.  The  transferrin  receptor  (TfR) 
is  expressed  at  both  the  BBB  [6]  and  the  brain  cell 
membrane  [7] .  Peptidomimetic  MAbs  that  target  the  TfR 
enable  the  transport  of  PILs  into  brain  cells  in  either 
rats  or  mice  in  vivo  following  intravenous  administration 
[2,3] .  Peptidomimetic  MAbs  that  target  the  human  insulin 
receptor  (HIR)  enable  global  gene  expression  within 
the  adult  rhesus  monkey  brain  following  an  intravenous 
injection  [4].  The  exogenous  gene  is  expressed  in  brain 
24-48  h  after  gene  administration. 

The  use  of  brain-specific  promoters,  such  as  the  5'- 
flanking  sequence  (FS)  of  the  glial  fibrillary  acidic  protein 
(GFAP)  gene,  enables  brain-specific  gene  expression,  and 
eliminates  expression  of  the  transgene  in  non-brain  organs 
following  intravenous  administration  [2] .  In  searching  for 
other  promoters  that  may  allow  for  brain-specific  expres¬ 
sion  of  exogenous  genes,  the  present  studies  examine  the 
specificity  of  tissue  expression  of  the  lacZ  gene  that  is  reg¬ 
ulated  by  the  opsin  promoter.  Transgenic  mice  expressing 
the  lacZ  gene  under  the  influence  of  the  bovine  opsin  pro¬ 
moter  demonstrate  expression  of  the  transgene  in  brain 
as  well  as  structures  of  the  eye  [8] .  This  finding  is  con¬ 
sistent  with  other  work  showing  that  opsin  genes  are 
expressed  in  the  central  nervous  system  (CNS)  [9],  and 
that  brain  produces  proteins  that  bind  to  the  opsin  pro¬ 
moter  [10].  The  present  studies  describe  the  production 
of  PILs  carrying  an  expression  plasmid  encoding  the  lacZ 
gene  under  the  influence  of  the  bovine  opsin  promoter. 
The  PIL  is  injected  intravenously  and  is  targeted  to  brain 
and  other  organs  in  adult  mice  in  vivo  with  the  rat  8D3 
MAb  to  the  mouse  TfR  as  the  targeting  ligand  on  the  PIL. 
Gene  expression  in  brain,  eye,  and  peripheral  tissues  is 
measured  with  /S-galactosidase  histochemistry. 


Materials  and  methods 

Materials 

Adult  female  BALB/c  albino  mice  (25-30  g)  were 
purchased  from  Harlan  (Indianapolis,  IN,  USA).  The 
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/S-galactosidase  staining  kit  was  purchased  from  Invit- 
rogen  (San  Diego,  CA,  USA).  The  8D3  hybridoma  line, 
secreting  a  rat  IgG  to  the  mouse  transferrin  recep¬ 
tor,  was  obtained  from  Dr.  Britta  Engelhardt  (Max 
Planck  Institute,  Bad  Nauheim,  Germany),  and  the 
8D3  MAb  was  purified  as  described  previously  [2]. 
The  1D4  mouse  monoclonal  antibody  against  bovine 
rhodopsin  [11]  was  obtained  from  Dr.  Dean  Bok  (UCLA 
School  of  Medicine,  Los  Angeles,  CA,  USA).  The  vec¬ 
tor  mouse-on-mouse  (M.O.M.)  immunodetection  kit,  the 
3-amino-9-ethylcarbazole  (AEC)  substrate  kit  for  peroxi¬ 
dase  and  hematoxylin  QS  counter-stain  were  purchased 
from  Vector  Laboratories  (Burlingame,  CA,  USA).  Tissue- 
Tek  embedding  compound  was  purchased  from  Sakura 
FineTek  (Torrance,  CA,  USA).  All  other  reagents  were 
purchased  from  Sigma  (St  Louis,  MO,  USA). 

LacZ  expression  plasmid 

The  LacZ  expression  plasmid  under  the  influence  of  the 
bovine  rhodopsin  promoter  is  designated  rhodopsin/ /5- 
galactosidase,  and  was  provided  by  Dr.  Don  Zack  (Johns 
Hopkins  University),  and  has  been  described  previously 
[8].  This  8-kb  plasmid  includes  nucleotides  —2174  to 
+70  of  the  bovine  rhodopsin  gene.  The  presence  of  this 
portion  of  the  bovine  rhodopsin  promoter  within  the 
plasmid  was  confirmed  by  DNA  sequencing  using  a  M13 
reverse  sequencing  primer  followed  by  custom  sequencing 
primers.  Digestion  of  the  rhodopsin/ /S-galactosidase 
plasmid  with  BamHI  released  the  3.0-kb  insert  from  the 
5.0-kb  vector  backbone.  In  addition,  the  lacZ  expression 
plasmid  under  the  influence  of  the  SV40  promoter,  pSV-/3- 
galactosidase  (Promega),  was  encapsulated  in  8D3  PILs, 
as  described  previously  [12]. 

In  vivo  administration  of  PILs 

The  preparation  of  the  8D3  PIL  carrying  /S-galactosidase 
expression  plasmids  has  been  described  previously  [2,12] . 
The  liposome  is  85-100  nm  in  diameter  and  the  surface  of 
the  liposome  is  conjugated  with  several  thousand  strands 
of  2000  Da  poly(ethylene  glycol)  (PEG).  The  tips  of  about 
1-2%  of  the  PEG  strands  are  conjugated  with  the  rat  8D3 
MAb  to  the  mouse  TfR.  Any  plasmid  DNA  not  encapsulated 
in  the  interior  of  the  liposome  is  quantitatively  removed  by 
exhaustive  nuclease  treatment  [5].  In  a  typical  synthesis, 
21%  of  the  initial  plasmid  DNA  (200  pg)  was  encapsulated 
within  20  pmol  of  lipid,  and  each  liposome  had  on  average 
48  8D3  MAb  molecules  conjugated  to  the  PEG  strands. 

Female  BALB/c  mice  of  25-30  g  body  weight  were 
anesthetized  with  ketamine  (50  mg/kg)  and  xylazine 
(4  mg/kg)  intraperitoneally.  Experimental  animals  were 
injected  intravenously  through  the  jugular  vein  with  8D3 
PIL  carrying  either  the  rhodopsin//! -galactosidase  or  the 
pSV-/i-galactosidase  plasmid  DNA;  the  injection  dose  was 
5  pg  DNA/per  mouse.  In  some  animals,  the  8D3-targeting 
MAb  was  replaced  with  a  control  rat  IgG  that  does  not 
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recognize  the  TfR,  as  described  previously  [2,12].  Mice 
injected  with  the  8D3  PIL  or  rat  IgG  PIL  were  sacrificed 
at  48  h  after  the  single  intravenous  injection  of  the  gene. 
A  total  of  12  adult  mice  were  used  for  this  study.  Organs 
were  removed  and  frozen  in  OCT  embedding  medium  on 
dry  ice  and  stored  at  —  70  °C. 


/?-Galactosidase  histochemistry 

/j-Galactosidase  histochemistry  was  performed  on  frozen 
sections  of  organs  as  described  previously  [2].  Frozen 
sections  of  18  pm  thickness  were  cut  on  an  HM505 
microtome  cryostat  (Micron  Instruments,  San  Diego,  CA, 
USA),  and  fixed  with  0.5%  glutaraldehyde  in  0.01  M 
phosphate-buffered  saline  (PBS,  pH  7.4)  for  5  min. 
After  washing  in  PBS,  sections  were  incubated  in  X-gal 
staining  solution  (4  mM  potassium  ferricyanide,  4  mM 
potassium  ferrocyanide,  2  mM  MgCl2  and  1  mg/ml  X-gal, 
pH  7.4)  at  37  °C  overnight,  where  X-gal  =  5-bromo-4- 
chloro-3-indoyl-/i-D-galacloside.  The  pH  of  the  incubation 
was  maintained  at  7.4  throughout  the  incubation. 
After  the  staining  with  X-gal,  sections  were  briefly 
washed  in  distilled  water.  Eye  sections  were  lightly 
counter-stained  with  hematoxylin,  whereas  sections  of 
brain,  liver,  spleen,  heart,  lung  or  kidney  were  not 
counter-stained.  Frozen  sections  of  mouse  kidney  were 
also  processed  in  the  histochemistry  assay.  Kidneys 
from  control,  uninjected  mice  express  endogenous  /l- 
galactosidase-like  enzyme  activity  that  is  active  at 
neutral  pH  [3].  Therefore,  including  kidney  sections 
in  the  /3-galactosidase  histochemistry  assay  serves  as  a 
positive  internal  control,  and  indicates  the  absence  of 
histochemical  product  in  other  organs  represents  a  lack 
of  yS-galactosidase  gene  expression  in  that  organ. 

Immunohistochemistry 

Immunohistochemistry  for  rhodopsin  was  performed 
with  the  avidin-biotin  immunoperoxidase  method  (Vector 
Labs,  Burlingame,  CA,  USA).  Frozen  sections  of  the 
eyes  were  fixed  in  2%  paraformaldehyde  for  20  min  at 
4°C,  and  immunocytochemistry  with  the  1D4  MAb  to 
rhodopsin  was  performed  as  described  previously  [12]. 

Results 

The  yS-galactosidase  histochemistry  of  brain,  heart,  spleen, 
lung,  liver,  and  kidney  is  shown  in  Figure  1  at  48  h  after 
the  intravenous  injection  of  5  pg/mouse  of  plasmid  DNA 
encapsulated  in  the  PIL  targeted  with  the  rat  8D3  MAb  to 
the  mouse  TfR.  The  lacZ  gene  is  expressed  in  brain,  but 
not  in  heart,  spleen,  lung,  or  liver.  The  /f-galactosidase 
histochemical  product  in  kidney  does  not  represent 
exogenous  gene  expression,  but  rather  demonstrates 
that  kidney  contains  high  amounts  of  endogenous  /f- 
galactosidase  that  is  active  at  neutral  pH  [2,3].  Kidney 


Figure  1.  /j-Galactosidase  histochemistry  in  multiple  organs  of 
adult  mice  sacrificed  48  h  after  intravenous  administration  of 
5  pg/mouse  of  the  rhodopsin-lacZ  plasmid  encapsulated  in  a  PIL 
targeted  with  the  rat  8D3  MAb  to  the  mouse  TfR.  The  kidney 
histochemistry  is  a  positive  control  of  the  assay,  as  the  kidney  of 
normal  mice  not  injected  with  the  transgene  normally  expresses 
high  amounts  of  /i-galactosidase  that  is  active  at  neutral  pH 

/3-galactosidase  histochemistry  serves  as  a  positive  control 
for  the  assay.  The  presence  of  histochemical  product 
in  kidney  indicates  the  negative  histochemical  signal  in 
heart,  spleen,  lung,  or  liver,  is  not  a  methologic  problem 
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related  to  the  histochemical  assay,  but  is  indicative  of  a 
lack  of  lacZ  gene  expression  in  these  tissues. 

The  lacZ  gene  under  the  influence  of  the  bovine  opsin 
promoter  is  widely  expressed  in  the  mouse  CNS,  as 
shown  by  serial  coronal  sections  (Figure  2).  In  the  rostral 
diencephalon,  lacZ  gene  expression  is  seen  in  the  choroid 
plexus,  the  motor  cortex,  the  thalamus/hypothalamus, 
and  gene  expression  is  particularly  dense  at  the  base  of  the 
brain  in  the  region  of  the  suprachiasmatic  nucleus  (SCN), 
which  is  adjacent  to  the  third  ventricle.  In  the  rostral 
mesencephalon,  lacZ  gene  expression  is  seen  in  the  visual 
cortex,  the  hippocampus,  the  pontine  gray  matter,  and  the 
periaqueductal  gray.  In  the  caudal  mesencephalon,  lacZ 
expression  is  high  in  gray  matter  structures  of  the  cortex, 
and  is  minimal  in  white  matter  structures  of  the  external 
capsule;  lacZ  expression  is  also  seen  in  the  periaqueductal 
gray  regions.  In  the  rostral  cerebellum,  lacZ  expression 
is  high  in  the  Purkinje  cell  layer  and  in  the  pons.  Light 
microscopy  of  selected  brain  regions  shows  high  lacZ 
expression  in  the  SCN  and  lateral  hypothalamus  around 
the  third  ventricle  (Figure  3A),  the  hippocampal  dentate 
gyrus  (Figure  3B),  the  hippocampal  statum  pyramidale 
(Figure  3C),  the  visual  cortex  (Figure  3D),  the  Sylvian 
aqueduct  (Figure  3E),  and  the  Purkinje  cell  layer  of  the 
cerebellum  (Figure  3F). 

The  lacZ  gene  driven  by  the  bovine  opsin  promoter 
is  expressed  in  the  outer  retina,  the  iris,  and  the 
ciliary  body  of  the  eye  when  the  PIL  is  targeted 
with  the  TfRMAb  (Figure  4A).  However,  there  is  no 
lacZ  gene  expression  in  the  eye  when  the  PIL  is 
targeted  with  a  control  isotype  rat  IgG  (Figure  4B). 
Light  microscopy  of  /3-galactosidase  histochemistry  in 
the  region  of  the  outer  retina  is  shown  in  Figure  4C 
for  animals  injected  with  the  rhodopsin//l-galactosidase 
plasmid  and  in  Figure  4E  for  animals  injected  with  the 
pSV-/3-galactosidase  plasmid.  Parallel  sections  were  also 
taken  for  rhodopsin  immunocytochemistry,  as  shown 
in  Figure  4D.  Rhodopsin  immunoreactivity  is  detected 
in  the  outer  segments  (OS)  of  the  retina,  but  not 
in  the  retinal-pigmented  epithelium  (RPE),  the  inner 
segments  (IS),  or  the  outer  nuclear  layer  (Figure  4D).  The 
parallel  fl-galactosidase  histochemistry  (Figure  4C)  and 
the  rhodopsin  immunocytochemistry  (Figure  4D)  show 
that  the  lacZ  gene  is  expressed  only  in  the  RPE  of  the 
mouse  retina,  and  not  in  the  outer  nuclear  layer  or 
inner  and  outer  segments  of  the  retinal  photoreceptor 
cells,  following  injection  of  8D3  PILs  carrying  the 
rhodopsin/ /1-galactosidase  plasmid  DNA.  Similarly,  lacZ 
gene  expression  is  confined  to  the  RPE  following  injection 
of  8D3  PILs  carrying  the  pSV//I-galactosidase  plasmid 
DNA  (Figure  4E). 


Discussion 

The  results  of  these  studies  are  consistent  with  the 
following  conclusions.  First,  the  lacZ  gene  driven  by 
the  bovine  opsin  promoter  is  selectively  expressed  in 
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Figure  2.  /i-Galactosidase  histochemistry  in  mouse  brain 
48  h  after  intravenous  administration  of  5  (rg/mouse  of  the 
rhodopsin-lacZ  plasmid  encapsulated  in  a  PIL  targeted  to  brain 
with  the  8D3  MAb  to  the  mouse  TfR.  Sections  through  the 
rostral  diencephalon,  the  rostral  mesencephalon,  the  caudal 
mesencephalon,  and  the  rostral  cerebellum  are  shown 


mouse  brain  and  eye  following  intravenous  expression, 
but  not  in  peripheral  tissues  such  as  liver,  spleen, 
heart,  or  lung  (Figure  1).  Second,  structures  of  the  brain 
expressing  the  lacZ  gene  under  the  influence  of  the  opsin 
promoter  include  neuronal  structures  in  the  cerebral 
cortex  (Figure  2),  the  hippocampus  and  cerebellum 
(Figure  3),  and  the  epithelium  lining  the  choroid  plexus 
(Figure  2)  or  the  Sylvian  aqueduct  (Figure  3E).  Third,  the 
lacZ  gene  under  the  influence  of  the  opsin  promoter  is 
expressed  in  ocular  structures  of  the  mouse  including  the 
RPE,  the  iris,  and  ciliary  body  (Figure  4). 

Gene  expression  in  organs  such  as  heart  or  lung 
is  not  expected  following  intravenous  administration 
of  TfRMAb-targeted  PILs,  because  these  organs  have 
capillaries  with  continuous  endothelial  barriers  that 
do  not  express  significant  levels  of  the  TfR  [3].  The 
circulating  PIL  is  too  large  to  non-specifically  cross 
the  continuous  endothelial  barrier,  and  cannot  access 
the  parenchymal  cells  in  organs  such  as  heart  or  lung 


Copyright  ©  2004  John  Wiley  &  Sons,  Ltd. 


J  Gene  Med  2004;  6:  906-912. 


9io 


C.  Zhu  etal. 


r>  / 

-v.t” 

i-  ‘ 

v-n-.' 

>•  •• 

It.  . 

'  *  . 

- 

1— 

Figure  3.  Light  microscopy  of  /?-galactosidase  histochemistry  of  mouse  brain  48  h  after  intravenous  administration  of  the 
rhodopsin-lacZ  plasmid  shows  selective  gene  expression  in  the  suprachiasmatic  nucleus  and  lateral  hypothalamus  around  the 
third  ventricle  (A),  the  dentate  gyrus  of  the  hippocampus  (B),  the  hippocampal  stratum  pyramidale  (C),  the  visual  cortex  (D),  the 
epithelium  lining  the  Sylvian  aqueduct  (E),  and  cells  of  the  Purkinje  cell  layer  (F).  Magnification  bar:  125  (cm  (A-D)  and  28  pm  (E, 
F) 


Figure  4.  /S-Galactosidase  histochemistry  (A,  B,  C,  E)  and  rhodopsin  immunocytochemistry  (D)  in  the  eye  of  mice  at  48  h  after 
intravenous  injection  of  5  pg/mouse  of  the  lacZ  plasmid  encapsulated  in  a  PIL  targeted  with  either  the  rat  8D3  MAb  to  the  mouse 
TfR  (A,  C,  D),  or  the  rat  IgG  isotype  control  antibody  (B);  the  lacZ  expression  plasmid  was  under  the  influence  of  either  the 
bovine  rhopsin  promoter  (A-D)  or  the  SV40  promoter  (E).  (A)  The  principal  sites  of  rhodopsin  promoter-lacZ  gene  expression 
in  the  eye  are  the  outer  retina,  iris,  and  ciliary  body  when  the  PIL  is  targeted  to  the  eye  with  the  TfRMAb.  (B)  When  the  PIL 
carrying  the  lacZ  gene  is  targeted  to  the  eye  with  a  rat  IgG  isotype  control  antibody,  which  does  not  recognize  any  receptor, 
there  is  no  lacZ  histochemical  product  in  the  eye.  (C,  D)  Comparison  of  the  /8-galactosidase  histochemistry  (C)  and  the  rhodopsin 
immunocytochemistry  (D)  shows  the  lacZ  gene  is  not  expressed  in  the  photoreceptor  cells  of  the  retina,  which  includes  the  outer 
nuclear  layer  (ONL),  the  inner  segments  (IS),  and  the  outer  segments  (OS).  The  lacZ  gene  is  expressed  in  the  retinal-pigmented 
epithelium  (RPE).  The  localization  of  lacZ  gene  expression  to  the  RPE  is  comparable  for  either  the  rhodopsin  promoter  (C)  or  the 
SV40  promoter  (E).  Magnification  bar:  210  pm  (A)  and  10  pm  (C,  D) 
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with  continuous  endothelium  lacking  endothelial  TfR.  In 
contrast,  organs  such  as  liver  or  spleen  are  perfused  by 
sinusoidal  microvasculatures  that  are  highly  porous.  The 
PIL  freely  crosses  the  microvascular  barrier  in  organs  with 
sinusoidal  microcirculations  and  enters  the  parenchymal 
space  of  organs  such  as  liver  or  spleen.  The  parenchymal 
cells  in  liver  or  spleen  express  TfR,  which  allows  for 
cellular  uptake  of  the  PIL.  This  uptake  is  followed  by 
expression  of  the  exogenous  gene  encapsulated  within 
the  PIL,  providing  the  gene  is  under  the  influence  of  a 
widely  expressed  promoter  such  as  the  SV40  promoter 
[3,4] .  However,  the  present  studies  show  that  if  the  lacZ 
gene  is  under  the  influence  of  an  opsin  promoter,  there  is 
no  measurable  gene  expression  in  liver  or  spleen.  Similar 
findings  were  reported  when  the  lacZ  gene  was  under 
the  influence  of  the  human  GFAP  promoter  [2].  These 
observations  suggest  that  the  trans-acting  factors  that 
activate  the  opsin  or  GFAP  promoter  are  not  expressed  in 
peripheral  organs  such  as  liver  or  spleen. 

The  lacZ  gene  under  the  influence  of  the  opsin  promoter 
is  expressed  in  brain  following  the  intravenous  injection  of 
the  TfRMAb-targeted  PIL  carrying  the  expression  plasmid 
(Figures  2  and  3).  This  observation  is  consistent  with 
previous  work  showing  that  there  is  a  family  of  opsin 
genes,  and  that  opsin  genes  are  expressed  in  the  CNS. 
Encephalopsin  is  expressed  in  brain  and  particularly  in 
the  Purkinje  cell  layer  [9].  The  encephalopsin  gene  is 
homologous  with  the  retinal  opsin  gene.  Brain  of  certain 
species  produces  proteins  that  bind  to  the  rhodopsin 
promoter  [10],  which  is  in  accord  with  the  finding 
of  the  present  study  that  the  lacZ  gene  under  the 
influence  of  the  rhodopsin  promoter  is  expressed  in  mouse 
brain.  The  results  of  this  study  reproduce  the  findings 
reported  previously  in  transgenic  mice,  wherein  the  lacZ 
gene  under  the  influence  of  the  rhodopsin  promoter  is 
expressed  in  transgenic  mouse  brain  [8].  However,  the 
lacZ  gene  under  the  influence  of  the  bovine  rhodopsin 
promoter  is  not  expressed  in  adult  rhesus  monkey 
brain  [13],  This  observation  suggests  that  the  brain  of 
higher  animals  may  not  express  proteins  that  activate 
the  rhodopsin  promoter.  The  present  studies  in  adult 
mice  show  that  an  exogenous  gene  under  the  influence 
of  the  bovine  rhodopsin  promoter,  and  administered 
intravenously,  is  widely  expressed  throughout  the  CNS. 
There  is  higher  gene  expression  in  gray  matter  as 
compared  with  white  matter,  and  the  gene  is  expressed 
in  structures  of  both  the  neocortex  and  the  paleocortex 
(Figures  2  and  3). 

In  the  eye,  the  expression  of  the  lacZ  gene  under 
the  influence  of  the  bovine  opsin  promoter  is  primarily 
expressed  in  the  RPE,  the  iris,  and  the  ciliary  body, 
and  to  a  lesser  extent  in  the  iridocorneal  angle,  the 
corneal  endothelium,  the  inner  retina,  the  lens  capsule, 
the  conjunctiva,  as  well  as  scattered  cells  in  the  ganglion 
cell  layer  of  the  inner  retina  (Figure  4A).  Comparison 
of  the  /S-galactosidase  histochemistry  with  rhodopsin 
immunocytochemistry  (Figure  4C-D)  indicates  the  lacZ 
transgene  is  not  expressed  in  the  photoreceptor  cells  of 
the  mouse  eye  following  delivery  with  TfRMAb-targeted 


PILs.  The  failure  to  detect  lacZ  gene  expression  in  the 
photoreceptor  cells  is  due  to  the  minimal  TfR  expression 
in  the  outer  nuclear  layer  (ONL)  [12].  The  minimal 
expression  of  the  TfR  in  the  ONL  of  the  retina  parallels 
the  very  low  level  of  iron  and  ferritin  within  this  part 
of  the  retina  [14].  Similarly,  when  the  lacZ  gene  was 
targeted  to  adult  mouse  retina  under  the  influence  of 
the  widely  expressed  SV40  promoter,  no  gene  expression 
in  the  photoreceptor  cells  was  observed  [12],  and  this 
finding  is  replicated  in  the  present  study  (Figure  4E). 
In  contrast,  high  expression  of  the  lacZ  gene  under  the 
influence  of  either  the  SV40  promoter  or  the  rhodopsin 
promoter  is  observed  in  the  photoreceptor  cells  of  the 
adult  rhesus  monkey  48  h  after  the  intravenous  injection 
of  the  plasmid  encapsulated  in  PILs  targeted  with  an  MAb 
to  the  HIR  [13].  The  exogenous  gene  was  expressed  in 
the  cell  bodies  of  the  ONL,  and  in  the  outer  and  inner 
segments  of  the  photoreceptor  cells  of  the  primate  retina 
[13],  Although  the  cell  bodies  of  the  photoreceptor  cells 
have  minimal  expression  of  the  TfR,  these  structures 
do  express  the  insulin  receptor  [13,15].  The  differential 
expression  of  the  TfR  and  insulin  receptor  in  the  ONL  may 
account  for  the  selective  expression  of  exogenous  genes  in 
the  photoreceptor  cells  following  delivery  to  the  eye  with 
targeting  ligands  that  bind  to  either  the  insulin  receptor 
or  the  TfR.  These  findings  indicate  the  expression  of  an 
exogenous  gene  in  a  target  organ  is  a  function  of  both 
the  (a)  receptor  specificity  of  the  targeting  ligand,  and 
(b)  tissue  specificity  of  the  promoter  regulating  expression 
of  the  trans-gene.  If  the  tissue  does  not  express  either  the 
targeted  receptor  or  trans-acting  factors  that  bind  to  the 
gene  promoter,  then  there  is  minimal  expression  of  the 
trans-gene  in  tissues  following  intravenous  administration 
in  adult  animals. 

The  lacZ  gene  under  the  influence  of  the  bovine 
rhodopsin  promoter  is  highly  expressed  in  the  iris  and 
ciliary  body  of  the  adult  mouse  eye,  as  well  as  the 
corneal  endothelium  and  lens  capsule  (Figure  4A) .  These 
findings  parallel  observations  made  in  transgenic  mice 
expressing  the  lacZ  gene  under  the  influence  of  the  bovine 
rhodopsin  promoter,  where  gene  expression  in  the  iris 
and  ciliary  body  was  observed  [8].  The  iris  or  ciliary 
body  is  embryologically  related  to  the  photoreceptor  cells 
of  the  retina.  Transfection  of  iris  and  ciliary  body  with 
the  Crx  homeobox  gene  expressed  in  photoreceptor  cells 
results  in  synthesis  of  rhodopsin  in  the  non-photoreceptor 
structures  of  the  eye  [16].  The  expression  of  the  lacZ  gene 
under  the  influence  of  the  rhodopsin  promoter  in  multiple 
structures  of  the  eye  is  consistent  with  prior  work  showing 
the  TfR  is  widely  expressed  in  multiple  structures  of  the 
eye,  including  the  iris,  ciliary  body,  corneal  endothelium, 
the  conjunctival  epithelium  [17],  as  well  as  the  RPE,  the 
retinal  endothelium,  and  cells  of  the  inner  retina  [14] .  The 
TfR  is  also  expressed  in  cells  of  the  choroid  [14],  although 
the  TfR  expression  on  endothelium  of  choroidal  capillaries 
is  less  than  the  expression  of  the  TfR  on  the  endothelium 
of  retinal  capillaries  [18].  The  choroidal  expression  of 
the  TfR  is  consistent  with  the  detection  of  lacZ  gene 
expression  the  choroid  layer  of  the  eye  (Figure  4E). 
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In  summary,  these  studies  indicate  that  the  opsin 
promoter,  like  the  GFAP  promoter  [2],  enables  tissue- 
specific  gene  expression  in  the  CNS  of  the  mouse, 
and  eliminates  ectopic  expression  of  the  trans-gene  in 
peripheral  tissues  such  as  liver  or  spleen  that  also  express 
the  targeted  receptor  such  as  the  TfR  [3].  The  non-viral 
plasmid  DNA  is  expressed  episomally  and  gene  expression 
is  transient,  although  gene  expression  in  the  primate  eye 
is  still  in  the  therapeutic  range  for  at  least  2  weeks  after 
a  single  intravenous  injection  of  the  gene  [13].  While  the 
opsin  or  GFAP  promoters  may  enable  CNS-specific  gene 
expression,  these  promoters  have  relatively  broad  profiles 
of  expression  within  the  CNS,  and  the  exogenous  gene 
is  expressed  in  both  cerebral  and  ocular  structures.  The 
discovery  of  gene  promoters  that  are  expressed  at  a  more 
regional  level  within  the  CNS  will  be  necessary  to  achieve 
regional  expression  of  exogenous  genes  within  specific 
structures  of  the  brain  or  eye. 
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Summary:  Transvascular  gene  therapy  of  Parkinson’s  disease 
(PD)  is  a  new  approach  to  the  gene  therapy  of  PD  and  involves 
the  global  distribution  of  a  therapeutic  gene  to  brain  after  an 
intravenous  administration  and  transport  across  the  blood-brain 
barrier  (BBB).  This  is  enabled  with  the  development  of  a 
nonviral  gene  transfer  technology  that  encapsulates  plasmid 
DNA  inside  pegylated  immunoliposomes  or  PILs.  An  85-  to 
100-nm  liposome  carries  the  DNA  inside  the  nanocontainer, 
and  the  liposome  surface  is  conjugated  with  several  thousand 
strands  of  2000-Da  polyethyleneglycol  (PEG).  This  PEGyla- 
tion  of  the  liposome  stabilizes  the  structure  in  the  blood  stream. 
The  liposome  is  targeted  across  the  BBB  via  attachment  to  the 
tips  of  1-2%  of  the  PEG  strands  of  a  receptor-specific  mono¬ 
clonal  antibody  (mAb)  directed  at  a  BBB  receptor,  such  as  the 
insulin  receptor  or  transferrin  receptor  (TfR).  Owing  to  the 


expression  of  the  insulin  receptor  or  the  TfR  on  both  the  BBB 
and  the  neuronal  plasma  membrane,  the  PIL  is  able  to  reach  the 
neuronal  nuclear  compartment  from  the  circulation.  Brain-spe¬ 
cific  expression  is  possible  with  the  combined  use  of  the  PIL 
gene  transfer  technology  and  brain-specific  gene  promoters.  In 
the  6-hydroxydopamine  rat  model  of  experimental  PD,  striatal 
tyrosine  hydroxylase  (TH)  activity  is  completely  normalized 
after  an  intravenous  administration  of  TfRmAb-targeted  PILs 
carrying  a  TH  expression  plasmid.  A  treatment  for  PD  may  be 
possible  with  dual  gene  therapy  that  seeks  both  to  replace 
striatal  TH  gene  expression  with  TH  gene  therapy,  and  to  halt 
or  reverse  neurodegeneration  of  the  nigro-striatal  tract  with 
neurotrophin  gene  therapy.  Key  Words:  Blood-brain  barrier, 
liposomes,  transferrin  receptor,  monoclonal  antibody, 
targeting. 


INTRODUCTION 

Parkinson’s  disease  (PD)  affects  nearly  1%  of  the  U.S. 
population  over  65  years  and  nearly  1  million  individuals 
in  the  U.S.1  The  neurodegneration  of  the  nigral-striatal 
tract  results  in  a  loss  of  dopaminergic  neurons  in  the 
substantia-nigra,  a  loss  of  tyrosine  hydroxylase  contain¬ 
ing  nerve  endings  in  the  striatum,  and  diminished  striatal 
dopamine  production  causing  abnormal  motor  behavior.2 
Dopamine  replacement  therapy  with  dopamine  is  not 
possible  in  PD  because  this  monoamine  does  not  cross 
the  brain  capillary  endothelial  wall,  which  forms  the 
blood-brain  barrier  (BBB)  in  vivo.  However,  the  precur¬ 
sor  to  dopamine,  L-dihydroxyphenylalanine  (l-DOPA), 
does  cross  the  BBB  owing  to  transport  via  the  BBB  large 
neutral  amino  acid  transporter,  which  is  expressed  by  the 
LAT1  gene.3  After  its  transport  across  the  BBB,  l-DOPA 
is  decarboxylated  to  dopamine  by  aromatic  amino  acid 
decarboxylase  (AAAD).  The  rate-limiting  step  in  cere- 
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bral  production  of  dopamine  is  normally  the  conversion 
of  tyrosine  to  l-DOPA  via  tyrosine  hydroxylase  (TH). 

l-DOPA  replacement  therapy  has  been  the  mainstay  of 
Parkinson’s  treatment  for  40  years.  However,  l-DOPA 
therapy  is  not  without  complications.  Owing  to  ubiqui¬ 
tous  expression  of  both  AAAD  in  brain  and  LAT 1  at  the 
BBB,  circulating  l-DOPA  is  converted  to  dopamine 
throughout  all  parts  of  the  brain  including  the  striatum. 
Dopamine  is  an  inhibitory  neurotransmitter,  and  the  ec¬ 
topic  production  throughout  the  brain  has  side  effects. 
An  alternative  approach  to  dopamine  replacement  ther¬ 
apy  in  PD  is  TH  gene  therapy,  wherein  an  exogenous  TH 
gene  is  expressed  only  in  the  circumscribed  regions  of 
the  brain  forming  the  dopaminergic  nerve  tracts. 

OVERVIEW  OF  GENE  THERAPY  IN 
PARKINSON’S  DISEASE 

There  are  dual  goals  of  gene  therapy  in  PD:  1)  replace 
striatal  TH  and  2)  halt  or  even  reverse  the  neurodegen¬ 
eration  of  nigral- striatal  neurons.  The  latter  can  be  ac¬ 
complished  with  local  expression  of  neuroprotective 
neurotrophins  such  as  glial-derived  neurotrophic  factor 
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(GDNF).4  The  current  approach  to  gene  therapy  of  PD, 
and  gene  therapy  of  brain  disorders  in  general,  is  the 
combined  use  of  craniotomy  as  a  delivery  system,  and 
viral  vectors  as  a  gene  expression  system.  The  trans- 
cranial  injection  of  viral  gene  therapy  vectors  is  clearly 
effective,  including  primate  models,  and  allows  for  the 
local  production  of  therapeutic  genes.4  The  single  injec¬ 
tion  into  the  human  or  animal  brain  of  either  adenovirus 
or  herpes  simplex  virus  results  in  inflammatory  reaction 
leading  to  astrogliosis  and  demyelination,5,6  and  more 
recent  viral  gene  therapy  approaches  employ  either  ad- 
eno-associated  virus  (AAV)  or  retrovirus.  AAV  vectors 
generally  need  to  be  given  at  some  repeat  intervals,  and 
90%  of  the  human  population  has  a  pre-existing  immu¬ 
nity  to  AAV.7  Both  AAV  and  retrovirus  permanently  and 
randomly  integrate  into  the  host  genome.8,9  Neither 
AAV  nor  retrovirus  crosses  the  BBB.  Therefore,  it  is 
necessary  to  administer  the  virus  via  craniotomy  and  an 
intracerebral  injection.  However,  the  most  intense  ex¬ 
pression  of  the  therapeutic  gene  is  generally  limited  to 
the  injection  site,  owing  to  limited  diffusion  of  the  virus 
within  the  brain.  The  treatment  volume  can  be  increased 
with  convection-enhanced  diffusion  (CED).  However,  a 
recent  study  of  CED  in  the  primate  brain  shows  an  as- 
trogliotic  reaction  over  the  entire  region  of  the  primate 
brain  that  is  perfused  during  the  CED  procedure.10  Cur¬ 
rent  limitations  of  brain  gene  therapy  approaches  can  be 
eliminated  with  the  development  of  a  transvascular  de¬ 
livery  approach  to  gene  therapy.  However,  this  would 
require  the  formulation  of  plasmid  DNA  in  such  a  way 
that  the  exogenous  gene  was  able  to  cross  the  BBB  and 
enter  brain  via  the  transvascular  route  after  an  intrave¬ 
nous  injection.  This  is  now  possible  with  the  use  of  a 
pegylated  immunoliposomes  that  target  genes  across  the 
BBB  with  receptor-specific  molecular  Trojan  horses.11 

PEGYLATED  IMMUNOLIPOSOMES— A  NEW 
APPROACH  TO  TRANSVASCULAR  GENE 
THERAPY  OF  THE  BRAIN 

Exogenous  genes  incorporated  in  plasmid  DNA  can  be 
widely  distributed  throughout  the  entire  brain  after  an 
intravenous  injection  with  the  use  of  a  new  form  of 
transvascular  gene  transfer  technology  that  uses  pegy¬ 
lated  immunoliposomes,  or  PILs.  The  plasmid  DNA  is 
encapsulated  in  the  interior  of  a  100-nm  liposome.12  The 
surface  of  the  liposome  is  decorated  with  several  thou¬ 
sand  strands  of  2000-Da  polyethyleneglycol  (PEG),  and 
this  pegylation  process  alters  the  surface  of  the  liposome 
such  that  the  liposome  is  not  rapidly  cleared  by  the 
reticulo-endothelial  system  after  an  intravenous  admin¬ 
istration.  The  pegylated  liposome  is  relatively  inert  and 
does  not  cross  the  BBB.13  However,  transvascular  trans¬ 
port  of  the  PIL  can  be  induced  by  conjugating  receptor 
specific  monoclonal  antibodies  (mAbs)  to  the  tips  of 


1-2%  of  the  PEG  tails  so  that  each  100-nm  liposome  is 
conjugated  with  approximately  50  mAh  molecules.12'13 
A  drawing  of  a  PIL  is  shown  in  Figure  1  A.  An  actual  PIL 
is  visualized  with  electron  microscopy  as  shown  in  Fig¬ 
ure  IB.  In  this  study,  a  conjugate  of  10  nm  gold  and  a 
secondary  antibody  was  attached  to  the  surface  of  the 
PIL  to  demonstrate  the  relationship  of  the  targeting  mAh 
to  the  surface  of  the  PIL.14  The  size  of  a  10-nm  gold 
particle  is  approximately  the  size  of  the  targeting  mAh, 
as  depicted  in  Figure  IB.  The  plasmid  DNA  is  encapsu¬ 
lated  in  the  interior  of  the  liposome,  which  renders  the 
DNA  insensitive  to  the  ubiquitous  exo-  and  endonucle¬ 
ases  in  the  circulation.12 

The  PIL  is  to  be  contrasted  with  conventional  cationic 
liposomes  that  are  a  mixture  of  anionic  DNA  and  a 
cationic  polymer.  Cationic  liposome/DNA  complexes 
are  unstable  in  blood,  aggregate  in  a  saline  environment, 
and  are  more  than  99%  cleared  by  the  pulmonary  circu¬ 
lation  after  a  single  intravenous  injection.15,16  Cationic 
liposomes  do  not  distribute  to  the  brain  after  an  intrave¬ 
nous  administration.17 

PILs  act  as  an  artificial  virus  in  that  the  PILs  are 
approximately  the  same  size  as  a  virus,  the  DNA  is 
contained  inside  the  nanocontainer,  and  the  surface  of  the 
nanocontainer  has  proteins  that  trigger  uptake  across 
membrane  barriers.  The  targeting  component  of  the  PIL 
is  a  receptor-specific  mAh  that  is  conjugated  to  the  tips 
of  1-2%  of  the  PEG  strands  on  the  liposome  surface.12 
The  transferrin  receptor  (TfR)  or  the  insulin  receptor  are 
expressed  at  both  the  BBB  and  on  neuronal  cell  mem¬ 
branes.  Therefore,  a  PIL,  targeted  with  a  mAh  to  either 
the  TfR  or  the  insulin  receptor,  is  able  to  undergo  se¬ 
quential  receptor-mediated  transcytosis  across  the  BBB, 
followed  by  receptor-mediated  endocytosis  into  neu¬ 
rons.18,19  The  PIL  rapidly  enters  the  nuclear  compart¬ 
ment  after  endocytosis  into  the  cell,  as  demonstrated  by 
confocal  microscopy.20  In  this  study,  the  plasmid  DNA 
was  fluoresceinated  with  nick  translation  before  encap¬ 
sulation  into  PIL.  The  PIL  was  targeted  to  human  U87 
glioma  cells  using  the  murine  83-14  mAh  to  the  human 
insulin  receptor  (HIR).  The  HIRmAb-targeted  PIL  was 
added  to  U87  cells  and  incubated  for  3  or  24  h,  followed 
by  fixation  and  confocal  microscopy.  As  shown  in  Figure 
1C,  the  DNA  is  largely  confined  to  the  cytoplasmic  com¬ 
partment  at  3  h,  although  DNA  is  detected  within  in¬ 
tranuclear  vesicular  structures  at  3  h.  By  24  h,  virtually 
all  of  the  intracellular  DNA  is  found  in  the  nuclear  com¬ 
partment  (FIG.  1C). 

Global  expression  of  transgene  in  rhesus  monkey 
brain 

The  intravenous  administration  of  PILs  carrying  an 
expression  plasmid  encoding  bacterial  /3-galactosidase 
under  the  influence  of  the  simian  virus  40  (SV40)  pro¬ 
moter  to  the  adult  rhesus  monkey  leads  to  global  expres- 
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FIG.  1.  A:  Diagram  of  a  super-coiled  expression  plasmid  DNA  encapsulated  in  an  85  nm  pegylated  PIL  targeted  to  a  cell  membrane 
receptor  (R)  with  a  receptor-specific,  endocytosing  mAb.  Tissue-specific  expression  of  the  plasmid  can  be  controlled  by  the  promoter 
inserted  5'  of  the  gene.  Panels  A  and  B  are  reproduced  with  permission  from  Zhang  et  al.  Intravenous  nonviral  gene  therapy  causes 
normalization  of  striatal  tyrosine  hydroxylase  and  reversal  of  motor  impairment  in  experimental  parkinsonism.  Hum  Gene  Ther  14:1-12. 
Copyright  ®  2003,  Mary  Ann  Leibert,  Inc.  All  rights  reserved.14  B:  Transmission  electron  microscopy  of  a  PIL.  The  mAb  molecule  tethered 
to  the  tips  of  the  2000-Da  PEG  is  bound  by  a  conjugate  of  1 0  nm  gold  and  a  secondary  antibody.  The  position  of  the  gold  particles  shows 
the  relationship  of  the  PEG  extended  mAb  and  the  liposome.  Magnification  bar  =  20  nm.14  C:  Confocal  microscopy  of  U87  human 
glioma  cells  after  either  a  3-h  (left  panel)  or  a  24-h  (right  panel)  incubation  of  fluorescein  conjugated  clone  882  DNA  (fluoro-DNA) 
encapsulated  within  HIRmAb-PILs.  The  inverted  grayscale  image  is  shown.  There  is  primarily  cytoplasmic  accumulation  of  the  fluoro- 
DNA  at  3  h,  whereas  the  fluoro-DNA  is  largely  confined  to  the  nuclear  compartment  at  24  h.  Fluoro-DNA  entrapped  within  intranuclear 
vesicles  is  visible  at  both  3  and  24  h.  Panel  C  is  reproduced  with  permission  from  Zhang  et  al.  Receptor-mediated  delivery  of  an 
antisense  gene  to  human  brain  cancer  cells.  J  Gene  Med  4:183-194.  Copyright  ®  2002,  John  Wiley  &  Sons,  Ltd.  All  rights  reserved.20 
D:  p-Galactosidase  histochemistry  of  brain  removed  48  h  after  the  intravenous  injection  of  a  (3-galactosidase  expression  plasmid 
encapsulated  in  HIRmAb-PILs  in  the  adult  rhesus  monkey.  Panels  D  and  E  are  reproduced  with  permission  from  Zhang  et  al.  Global 
non-viral  gene  transfer  to  the  primate  brain  following  intravenous  administration.  Mol  Ther  7:11-18.  Copyright  ®  2003,  Academic  Press. 
All  rights  reserved.19  E:  Luciferase  gene  expression  in  the  brain  and  other  organs  of  the  adult  rhesus  monkey  (left  panel)  and  adult  rat 
(right  panel)  measured  at  48  h  after  a  single  intravenous  injection  of  the  PIL  carrying  the  plasmid  DNA.  Data  are  mean  ±  SEM.  The 
plasmid  DNA  encoding  the  luciferase  gene  used  in  either  species  is  clone  790,  which  is  driven  by  the  SV40  promoter.19  The  PIL  carrying 
the  DNA  was  targeted  to  primate  organs  with  an  HIRmAb  and  to  rat  organs  with  a  TfRmAb.19 


sion  of  the  trans-gene  throughout  the  primate  brain  as 
demonstrated  in  Figure  ID.  The  PIL  was  targeted  with  a 
mAb  to  the  HIR,  and  this  mAb  cross  reacts  with  the  Old 
World  primate  insulin  receptor.21  There  is  widespread 
expression  of  the  transgene  throughout  the  primate  brain 
with  a  greater  enrichment  in  gray  matter  relative  to  white 
matter  (FIG.  ID).  Similar  findings  of  global  expression 
of  a  trans-gene  throughout  the  entire  brain  after  an  in¬ 
travenous  injection  of  PILs  has  been  demonstrated  in 
mice  using  the  rat  8D3mAb  to  the  murine  TfR,18  and  in 
rats  using  the  murine  OX26mAb  to  the  rat  TfR.22  The 
targeting  mAbs  are  species  specific,  and  the  8D3mAb  is 
not  effective  in  rats,  and  the  83-14  HIRmAb  is  effective 


in  humans  and  Old  World  primates  such  as  rhesus  mon¬ 
keys,  but  is  not  effective  in  New  World  primates  such  as 
squirrel  monkeys,  and  is  not  effective  in  rodents.  The 
insulin  receptor  normally  serves  to  deliver  its  endoge¬ 
nous  ligand,  insulin,  to  the  nuclear  compartment,  and 
therefore,  the  insulin  receptor  is  an  ideal  conduit  for  gene 
delivery.24  Because  of  this  nuclear  targeting  property  of 
the  insulin  receptor,  levels  of  gene  expression  in  human 
cells  or  Old  World  primates  can  be  10-  to  50-fold  higher 
than  comparable  levels  of  gene  expression  in  ro¬ 
dents,19’23  as  demonstrated  for  the  luciferase  reporter 
gene  (FIG.  IE).  The  luciferase  expression  plasmid  was 
encapsulated  in  TfRmAb-targeted  PILs  and  injected  into 
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TABLE  1.  TH  Activity  in  Cultured  Rat  RG2  Glioma  Cells  or  Human  U87  Glioma  Cells  after  Delivery  of  either  SV40 
Promoter  (clone  877)  or  GFAP  Promoter  ( Clone  951)  TH  Expression  Plasmid  Encapsulated  in  mAb-Targeted  PIL 


Days 

TH  Activity  (pmol-L-DOPA/h  ■  mgp) 

Clone  877  in 
rat  RG2  cells 

Clone  877  in 
human  U87  cells 

Clone  951  in 
human  U87  cells 

2 

65  ±  7 

214  ±  14 

231  ±  10 

4 

375  ±  26 

1458  ±  99 

1576  ±  33 

6 

39  ±  9 

177  ±  10 

311  ±22 

Mean  ±  SE  (n  =  3  dishes  per  time  point).  PILs  carrying  either  clone  877  or  clone  951  are  targeted  to  rat  RG2  glioma  cells  with  the  TfRmAb 
and  to  human  U87  glioma  cells  with  the  HIRmAb. 14-25 


adult  rats,  and  was  separately  encapsulated  in  HIRmAb- 
targeted  PILs  and  injected  into  adult  rhesus  monkeys.19 
The  animals  were  sacrificed  48  h  after  the  intravenous 
injection  for  measurements  of  luciferase  enzyme  activity 
in  brain  and  other  organs.  These  studies  show  that  lucif¬ 
erase  expression  is  50-fold  higher  in  the  primate  as  com¬ 
pared  with  rat.  In  addition  to  brain,  the  luciferase  trans¬ 
gene  is  expressed  in  peripheral  tissues  such  as  liver  or 
spleen,  that  also  express  the  TfR  or  insulin  receptor. 
However,  this  ectopic  expression  of  the  exogenous  gene 
in  nonbrain  organs  can  be  eliminated  with  the  use  tissue- 
specific  gene  promoters,  as  demonstrated  for  /3-galacto- 
sidase  gene  expression  in  mice18  or  rhesus  monkeys,24 
and  discussed  below  in  the  case  of  TH  gene  therapy 
studies  in  rats. 

TH  GENE  THERAPY  OF  EXPERIMENTAL 
PARKINSON’S  DISEASE  WITH  PEGYLATED 
IMMUN  OLIPOSOMES 

Experimental  PD  was  produced  in  adult  rats  with  the 
intracerebral  injection  of  a  neurotoxin,  6-hydroxydopa- 
mine. 14,2:5  The  toxin  was  injected  in  the  medial  forebrain 
bundle  of  one  side  of  the  rat  brain  under  stereotaxic 
guidance.  Three  weeks  later,  animals  were  tested  with 
apomorphine,  which  causes  aberrant  rotation  behavior  in 
those  animals  with  a  successful  biochemical  lesion  of  the 
nigral- striatal  tract.  Before  treatment  of  these  animals 
with  TH  gene  therapy,  it  is  first  necessary  to  synthesize 
TH  expression  plasmids.  Because  one  goal  of  this  work 
was  to  localize  TH  gene  expression  in  the  brain,  two 
different  expression  plasmids  were  produced.14,25  The 
first  plasmid,  designated  clone  877,  encodes  for  the  rat 
TH  cDNA  under  the  influence  of  the  widely  read  SV40 
promoter.14  The  second  expression  plasmid,  designated 
clone  951, 25  is  identical,  except  that  the  SV40  promoter 
is  replaced  with  2  kb  of  the  5 '-flanking  sequence  (FS)  of 
the  human  GFAP  gene.  The  GFAP  gene  is  expressed 
only  in  brain,  and  not  in  peripheral  tissues.  This  was 
demonstrated  in  initial  studies  with  a  /3-galactosidase 
reporter  gene.  When  the  /3-galactosidase  expression  plas¬ 
mid  under  the  influence  of  the  SV40  promoter  was  en¬ 
capsulated  in  TfRmAb-targeted  PILs  and  injected  into 


rodents,  the  gene  was  expressed  not  only  in  brain,  but 
TfR-rich  peripheral  organs  such  as  liver  or  spleen.22 
However,  when  the  /3-galactosidase  expression  plasmid 
was  under  the  influence  of  the  GFAP  promoter,  the  trans¬ 
gene  was  expressed  only  in  brain,  and  ectopic  gene  ex¬ 
pression  in  peripheral  tissues  was  eliminated.18 

The  biologic  activity  of  clone  877  or  clone  951  was 
initially  evaluated  in  cell  culture  with  either  cultured 
RG2  rat  glioma  cells  or  cultured  U87  human  glioma 
cells.  The  TH  gene  is  not  expressed  in  cells  unless  there 
is  local  production  of  tetrahydrobiopterin,  a  critical  TH 
cofactor.  GTP-cylcohydrolase  (GTPCH)  is  the  rate-lim¬ 
iting  enzyme  in  the  pathway  leading  to  the  production  of 
tetrahydrobiopterin,  and  cultured  rat  glioma  cells26  and 
cancer  cell  lines27  produce  the  GTPCH  enzyme,  al¬ 
though  glial  cells  in  brain  do  not  normally  express  the 
GTPCH  gene.28  Both  clone  877  and  clone  951  produce 
TH  enzyme  activity  in  either  cultured  rat  glioma  cells  or 
cultured  human  U87  glioma  cells  (Table  1).  There  is  a  5- 
to  8-fold  higher  level  of  TH  gene  expression  in  human 
cells,  which  are  targeted  with  the  HIRmAb,  as  opposed 
to  TH  gene  expression  in  rat  glioma  cells,  which  are 
targeted  with  the  TfRmAb.  As  noted  above  in  the  dis¬ 
cussion  of  Figure  IE,  PILs  targeted  with  the  insulin 
receptor  normally  yield  a  much  higher  level  of  gene 
expression  than  that  obtained  with  PILs  targeted  with  the 
TfRmAb.19,23 

The  TfRmAb-targeted  PILs  carrying  either  clone  877 
or  clone  951  were  injected  intravenously  into  adult  rats 
and  TH  enzyme  activity  was  measured  with  a  radioen- 
zymatic  assay  at  3  days  after  a  single  intravenous  injec¬ 
tion  in  rats  that  had  apomorphine-proven  6-hydroxydo- 
pamine  lesions.  The  striatal  TH  was  98%  depleted,  as 
indicated  by  the  very  low  TH  level  in  the  saline  treated 
animals  in  the  striatum  ipsilateral  to  the  6-hydroxydopa- 
mine  injection  (Table  2).  The  control  is  the  contralateral 
striatum,  which  shows  a  more  than  50-fold  higher  level 
of  TH  enzyme  activity  in  the  same  rat  brain  (Table  2). 
Both  clone  877,  the  SV40  promoter  driven  plasmid,  and 
clone  951,  the  GFAP  promoter  driven  plasmid,  were 
equally  effective  in  restoring  striatal  TH  enzyme  activity 
in  the  ipsilateral  striatum  of  the  lesioned  animals.14,25 
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TABLE  2.  TH  in  Brain  and  Peripheral  Organs  in  the  Rat  3  Days  after  Intravenous  Injection  of  Gene  Therapy 


Organs 

Saline 

(pmol/h/mgp) 

TfRmAb-PIL/877 

(pmol/h/mgp) 

TfRmAb-PIL/95 1 
(pmol/h/mgp) 

Ipsilateral  striatum 

128  ±  27 

5177  ±  446* 

5536  ±  395* 

Contralateral  striatum 

6445  ±  523 

5832  ±  391 

5713  ±  577 

Ipsilateral  cortex 

176  ±  30 

132  ±  16 

184  ±  38 

Contralateral  cortex 

150  ±  36 

150  ±  24 

135  ±  25 

Heart 

29  ±  3 

45  ±  8 

31  ±  3 

Liver 

13  ±  2 

130  ±  28* 

18  ±  6 

Lung 

42  ±  13 

74  ±  22 

30  ±  6 

Kidney 

24  ±  2 

35  ±  5 

31  ±  8 

*p  <  0.01  difference  from  saline  group  (ANOVA  with  Bonferroni  correction;  n  =  4  rats  per  group).  Rats  were  lesioned  with  intracerebral 
injections  of  6-hydroxydopamine;  3  weeks  after  toxin  injection  the  rats  were  tested  for  apomorphine-induced  rotation  behavior;  those  rats 
testing  positively  to  apormorphine  were  selected  for  gene  therapy,  which  was  administered  intravenously  4  weeks  after  toxin  administration; 
all  animals  were  euthanized  3  days  after  gene  administration.  Clones  877  and  95 1  are  eukaryotic  expression  plasmids  encoding  the  rat  TH 
cDNA  under  the  influence  of  either  the  widely  expressed  SV40  promoter,  or  the  brain-specific  GFAP  promoter,  respectively.25 


Clone  877  also  produced  a  10-fold  increase  in  hepatic 
TH  because  the  SV40  promoter  is  expressed  in  this  pe¬ 
ripheral  tissue.  However,  clone  95 1  caused  no  change  in 
hepatic  TH  enzyme  activity,  and  there  was  no  ectopic 
expression  of  the  TH  gene  in  any  of  the  peripheral  tissues 
examined  (Table  2).  Administration  of  the  TH  gene  did 
not  result  in  any  change  in  cortical  TH  enzyme  activity. 
This  is  because  the  GTPCH  gene  is  not  expressed  in 
cortex,29  and  local  production  of  the  tetrahydrobiopterin 
cofactor  is  an  obligatory  requirement  for  local  TH  gene 
expression.  The  biochemical  assays  of  TH  enzyme  ac¬ 
tivity  were  corroborated  with  immunocytochemistry  and 


measurements  of  immunoreactive  TH  (FIG.  2).  This 
study  shows  the  results  from  six  different  rats,  all  of 
which  had  apomorphine  proven  6-hydroxydopamine  le¬ 
sions  on  the  right  side  of  the  brain.  The  three  animals  in 
panels  A,  B,  and  C  of  Figure  2  were  treated  with  the  TH 
gene  encapsulated  in  PILs  targeted  with  the  TfRmAb. 
The  three  animals  shown  in  D,  E,  and  F  of  Figure  2  were 
treated  with  the  TH  gene  encapsulated  in  PILs  targeted 
with  the  mouse  IgG2A  isotype  control,  which  had  no 
receptor  specificity.  This  immunocytochemical  study 
shows  complete  normalization  of  striatal  immunoreac¬ 
tive  TH  on  the  lesioned  side  with  PIL  gene  therapy. 


FIG.  2.  Tyrosine  hydroxylase  immunocytochemistry  of  rat  brain  removed  72  h  after  a  single  intravenous  injection  of  10  per  rat  of 
clone  951  plasmid  DNA  encapsulated  in  PIL  targeted  with  either  the  TfRmAb  (panels  A-C)  or  with  the  mouse  lgG2a  isotype  control 
(panels  D-F).  Coronal  sections  are  shown  for  three  different  rats  from  each  of  the  two  treatment  groups.  Clone  951  is  the  TH  expression 
plasmid  under  the  influence  of  the  human  GFAP  promoter.  The  6-hydroxydopamine  was  injected  in  the  medial  forebrain  bundle  of  the 
right  hemisphere,  which  corresponds  to  right  side  of  the  figure.  Sections  are  not  counterstained.  Reproduced  with  permission  from 
Zhang  et  al.  Normalization  of  striatal  tyrosine  hydroxylase  and  reversal  of  motor  impairment  in  experimental  parkonsinism  with 
intravenous  nonviral  gene  therapy  and  a  brain-specific  promotor.  Hum  Gene  Ther  1 5:339-350.  Copyright  ®  2004,  Mary  Ann  Liebert,  Inc. 
All  rights  reserved.25 
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providing  a  receptor  active  targeting  mAb  is  used.  If  an 
identical  formulation  is  employed,  except  the  TfRmAb 
targeting  agent  is  replaced  with  a  nontargeting  agent, 
then  no  TH  gene  expression  is  observed.  These  results 
were  corroborated  by  confocal  microscopy  using  anti¬ 
bodies  to  TH,  GFAP,  the  NeuN  neuronal  nuclear  antigen, 
or  the  200-kDa  neurofilament  protein  (FIG.  3).  The  fibers 
in  the  striate  body  ipsilateral  to  the  lesion  were  immu- 
noreactive  for  TH  after  intravenous  administration  of  the 
TH  gene  encapsulated  in  TfRmAb  targeted  PILs  (FIG. 
3C),  but  there  was  no  expression  of  immunoreactive  TH 
in  these  fibers  when  the  PIL  was  targeted  with  the  mouse 
IgG  isotype  control  (FIG.  3B).  The  expression  of  the 
immunoreactive  TH  in  the  striatum  was  confined  to 
nerve  endings  as  there  was  no  colocalization  of  immu¬ 
noreactive  TH  and  astrocytic  GFAP  in  the  striate  body  of 
the  gene  therapy-treated  animals  (FIG.  3,  G-I).  Confocal 
microscopy  of  the  substantia  nigra  showed  production  of 
immunoreactive  TH  in  nigral  neuron  cell  bodies  after  a 
TH  gene  therapy  (FIG.  3,  K  and  L).  The  normalization  of 
striatal  TH  immunoreactive  TH  and  striatal  TH  enzyme 
activity  was  correlated  with  the  normalization  of  phar¬ 
macologic  behavior  in  response  to  apomorphine.14'25 
There  was  an  80%  reduction  in  apomorphine  induced 
rotation  behavior  in  animals  treated  with  intravenous  TH 
gene  therapy  using  PILs  targeted  with  the  TfRmAb  (FIG. 
4).  In  contrast,  in  those  lesioned  animals  that  were 
treated  with  the  TH  gene  encapsulated  in  PILs  targeted 
with  the  nonspecific  mouse  IgG  isotype  control,  there 
was  no  affect  on  apomorphine  induced  rotation  behavior 
(FIG.  4). 

Time-response  and  dose-response  studies 

The  persistence  of  TH  gene  expression  in  the  striate 
body  ipsilateral  to  the  6-hydroxydopamine  lesion  was 
determined  with  measurements  of  striatal  TH  enzyme 
activity  at  3,  6,  and  9  days  after  a  single  intravenous 
injection  of  clone  877  plasmid  DNA  encapsulated  in  the 
TfRmAb-targeted  PILs.14  These  data  show  striatal  TH 
enzyme  activity  peaks  at  3  days  and  decreases  50%  by  6 
days  and  approximately  90%  by  9  days  after  a  single 
intravenous  injection  (FIG.  5A).  A  dose-response  study 
was  performed  by  measurement  of  TH  enzyme  activity 
in  the  striatum  at  3  days  after  the  intravenous  injection  of 
clone  877  plasmid  DNA  encapsulated  in  TfRmAb-tar¬ 
geted  PILs  at  a  dose  of  1,  5,  or  10  ju,g  plasmid  DNA  per 
rat.14  There  was  no  increase  in  striatal  TH  after  the  1  p, g 
DNA/rat  dose;  there  was  an  intermediate  TH  response 
after  the  intravenous  injection  of  the  5  pg  DNA/rat  dose, 
and  there  was  complete  normalization  of  striatal  TH 
enzyme  activity  after  the  10  pg  DNA/rat  dose  (FIG.  5B). 
A  per  rat  dose  of  10  pg  of  the  6.0  kb  clone  877  plasmid 
DNA  delivers  1.2  X  109  plasmid  molecules  per  gram  of 
brain,  as  0.07%  of  the  injected  PIL  dose  is  delivered  per 
gram  of  rat  brain.14  Assuming  10s  cells  per  gram  brain. 


the  10  pg/rat  dose  delivers  —12  plasmid  DNA  molecules 
per  brain  cell.  Conversely,  only  approximately  one  plas¬ 
mid  molecule  per  brain  cell  is  delivered  with  1  pg/rat 
dose.  These  observations  suggest  that  there  is  a  very  high 
efficiency  of  cell  transfection  with  the  PIL  gene  transfer 
technology,  and  that  the  cellular  delivery  of  only  5-10 
plasmid  DNA  molecules  per  cell  is  required  for  a  full 
pharmacologic  response  from  the  gene  therapy.  After 
delivery  of  the  TH  gene  across  the  BBB  in  the  region  of 
the  substantia  nigra  in  brain,  the  gene  is  incorporated  into 
the  neuronal  nuclear  compartments  of  the  substantia 
nigra  where  the  gene  is  transcribed  and  the  TH  protein  is 
translated  from  the  TH  mRNA  produced  from  the  exog¬ 
enous  plasmid.  The  TH  enzyme  may  then  be  transported 
to  the  striatum  via  one  of  two  mechanisms.  First,  there  is 
intense  neuronal  sprouting  from  the  substantia  nigra  to 
the  striatum  that  follows  the  intracerebral  injection  of 
6-hydroxydopamine,  such  that  the  density  of  dopaminer¬ 
gic  terminals  in  the  striatum  is  returned  nearly  to  normal, 
albeit  these  nerve  fibers  do  not  produce  TH  in  the  ab¬ 
sence  of  gene  therapy.30'31  Second,  intracerebral  fluoro- 
gold  injection  studies  have  shown  that  approximately 
30%  of  nigral  striatal  neurons  are  intact  after  intracere¬ 
bral  injection  of  6-hydroxydopamine.32  Both  GTPCH 
and  the  tetrahydrobiopterin  cofactor  levels  in  the  stria¬ 
tum  of  the  6-hydroxydopamine-lesioned  rat  are  still  one 
third  the  concentrations  in  nonlesioned  animal,33  owing 
to  striatal  inputs  from  monoaminergic  regions  outside  the 
substantia  nigra. 

The  PIL  gene  transfer  technology  enables  adult  trans- 
genics  in  24-48  h  and  gives  a  picture  similar  to  that 
obtained  with  conventional  transgenics  technology  that 
requires  pronuclear  injections  of  genes  into  embryos. 
Transgenic  mice  expressing  the  human  TH  gene  produce 
no  TH  mRNA  in  the  cortex  of  these  animals,34  because 
there  is  no  GTPCH  gene  expression  or  cofactor  produc¬ 
tion  in  the  cortex.  Similarly,  there  is  no  change  in  TH 
gene  expression  in  the  cortex  of  adult  rats  administered 
the  TH  gene  via  the  PIL  gene  transfer  technology  (Table 
2).  The  level  of  TH  gene  expression  is  tightly  regulated 
within  the  brain  so  that  supraphysiological  levels  of  TH 
are  not  generated  in  the  brain.  Despite  a  50-fold  increase 
in  TH  mRNA  in  the  substantia  nigra  of  human  TH  trans¬ 
genic  mice,  there  is  only  a  minor  increase  in  TH  protein 
in  the  striatum  of  these  animals.34  This  finding  is  con¬ 
sistent  with  the  observations  made  with  the  PIL  gene 
transfer  technology,  where  the  level  of  TH  enzyme  ac¬ 
tivity  is  restored  to  normal  but  not  supranormal  levels  by 
intravenous  TH  gene  therapy  (Table  2). 

Brain  gene  expression  driven  by  the  GFAP 
promoter 

The  confocal  studies  show  that  the  TH  gene  is  ex¬ 
pressed  in  neurons  when  the  transgene  is  under  the  in¬ 
fluence  of  GFAP  promoter  (FIG.  3).  Moreover,  there  is 
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FIG.  3.  Confocal  microscopy  of  striatum  and  substantia  nigra  in  6-hydroxydopamine-lesioned  rats  sacrificed  at  3  days  after  intravenous 
injection  of  clone  951  plasmid  DNA  encapsulated  in  PILs  targeted  either  with  mouse  lgG2a  (panels  B  and  E)  or  with  the  TfRmAb  (panels 
A,  C,  D,  F,  and  G-L).  Panels  A  and  D  are  from  the  striatum  contralateral  to  the  lesion,  and  panels  B,  C,  E,  F,  and  G-l  are  from  the  striatum 
ipsilateral  to  toxin  injection.  Panels  J  to  L  are  from  the  substantia  nigra  ipsilateral  to  the  lesion.  Panels  A-C  show  striatum  colabeled  with 
a  mouse  monoclonal  antibody  to  NeuN  (green)  and  a  rabbit  polyclonal  antibody  to  TH  (red).  Panels  D-F  show  striatum  colabeled  with 
a  mouse  monoclonal  antibody  to  the  200-kDa  neurofilament  protein  (green)  and  a  rabbit  polyclonal  antibody  to  TH  (red).  The  magni¬ 
fication  bar  in  panel  A  is  20  jj.m.  All  images  are  three-dimensional  projection  views  of  multiple  planar  images.  The  yellow  color  is  an 
artifact  from  the  three-dimensional  projection  because  there  was  no  overlap  observed  in  the  single  planar  views.  Panels  G  and  J  show 
immune  staining  (green  channel)  with  monoclonal  antibodies  to  GFAP  and  NeuN,  respectively.  Panels  H  and  K  show  immune  staining 
(red  channel)  with  a  rabbit  polyclonal  antibody  to  TH.  The  overlap  image  of  TH  and  GFAP  in  striatum  is  shown  in  panel  I;  the  overlap 
image  of  TH  and  NeuN  in  substantia  nigra  is  shown  in  panel  L.  The  inset  of  panel  L  is  a  100X  oil  immersion  view  of  colabeling  of  TH 
(red),  NeuN  (green),  and  the  overlap  (yellow)  in  a  neuron  in  the  substantia  nigra.  The  magnification  bars  in  panels  G  and  J  are  20  and 
10  (juti,  respectively.  All  images  are  three-dimensional  projection  views  of  multiple  planar  images.  Reproduced  with  permission  from 
Zhang  et  al.  Normalization  of  striatal  tyrosine  hydroxylase  and  reversal  of  motor  impairment  in  experimental  parkinsonism  with 
intravenous  nonviral  gene  therapy  and  a  brain-specific  promotor.  Hum  Gene  Ther  1 5:339-350.  Copyright  ®  2004,  Mary  Ann  Liebert,  Inc. 
All  rights  reserved.25 
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FIG.  4.  A:  Apomorphine-induced  rotations  per  minute  (RPM)  over  a  20-min  period  measured  in  individual  rats  at  1  week  before 
treatment  and  at  3  days  after  a  single  intravenous  injection  of  10  (j.g  per  rat  of  clone  951  plasmid  DNA  encapsulated  in  a  PIL  targeted 
with  the  mouse  lgG2a  isotype  control  antibody.  B:  Apomorphine-induced  RPM  over  a  20  min  period  measured  in  individual  rats  at  1 
week  before  treatment  and  at  3  days  after  a  single  intravenous  injection  of  10  ^g  per  rat  of  clone  951  plasmid  DNA  encapsulated  in  a 
PIL  targeted  with  the  TfRmAb.  C:  Comparison  of  the  total  rotations  in  the  two  groups  at  3  days  after  treatment.  The  average  RPM  is 
22  ±  3  and  4  ±  3  (mean  ±  SD)  in  animals  treated  with  the  mlgG2a-PIL  and  the  TfRmAb-PIL,  respectively.  The  difference  in  rotation 
between  the  two  groups  is  significant  at  the  p  <  0.005  level.  Reproduced  with  permission  from  Zhang  et  al.  Normalization  of  striatal 
tyrosine  hydroxylase  and  reversal  of  motor  impairment  in  experimental  parkonsinism  with  intravenous  nonviral  gene  therapy  and  a 
brain-specific  promotor.  Hum  Gene  Ther  15:339-350.  Copyright  ®  2004,  Mary  Ann  Liebert,  Inc.  All  rights  reserved.25 


no  detectable  expression  of  the  TH  gene  in  astrocytes 
based  on  confocal  microscopy  and  colabeling  with  anti¬ 
bodies  to  TH  and  GFAP  (FIG.  31).  This  finding  is  con¬ 
sistent  with  the  observation  that  astrocytes  under  normal 
conditions  do  not  express  the  GTPCH  gene.28  The  intra¬ 
cerebral  injection  of  TH  expression  plasmids  under  the 
influence  of  the  GFAP  promoter  can  lead  to  astrocyte 
gene  expression  in  brain  when  the  expression  plasmid  is 
mixed  with  cationic  liposomes.35  However,  cationic  li¬ 
posomes  cause  a  brain  injury  reaction,36  and  the  GTPCH 
gene  is  expressed  in  reactive  astrocytes.37  The  finding  of 


neuronal  expression  of  the  TH  gene  under  the  influence 
of  the  GFAP  5'-FS  is  consistent  with  earlier  observations 
that  the  GFAP  5'-FS  confers  brain  specificity  of  gene 
expression,  but  not  astrocyte- specific  gene  expression. 
Astrocyte  specific  expression  of  the  GFAP  gene  requires 
coordinated  interactions  between  regulatory  elements  in 
both  the  5'-FS  and  more  distal  parts  of  the  gene,  includ¬ 
ing  the  3'-FS. 38,39  Recent  work  in  transgenic  mouse 
models  show  that  the  5'-FS  of  the  GFAP  gene  enables 
widespread  neuronal  expression  of  transgene  throughout 
the  brain,40  and  these  findings  are  consistent  with  the 


plasmid  DNA  (pg)/rat 


FIG.  5.  A:  The  striatal  TH  activity  ipsilateral  to  the  6-hydroxydopamine  lesion  is  plotted  versus  time  after  a  single  intravenous  injection 
of  10  p,g/rat  of  clone  877  plasmid  DNA  encapsulated  in  the  TfRmAb-PIL  at  day  0.  Data  are  mean  ±  SD  (n  =  3  rats  per  point).  Clone  877 
is  the  TH  expression  plasmid  under  the  influence  of  the  SV40  promoter.  B:  The  striatal  TH  activity  either  ipsilateral  or  contralateral  to  the 
6-hydroxydopamine  lesion  is  plotted  versus  the  dose  of  clone  877  plasmid  DNA  encapsulated  in  the  TfRmAb-PIL.  Data  are  mean  ±  SD 
(n  =  3  rats  per  point).  Striatal  TH  was  measured  at  3  days  after  the  single  intravenous  administration  of  the  DNA.  Reproduced  with 
permission  from  Zhang  et  al.  Intravenous  nonviral  gene  therapy  causes  normalization  of  striatal  tyrosine  hydroxylase  and  reversal  of 
motor  impairment  in  experimental  parkinsonism.  Hum  Gene  Ther  14:1-12.  Copyright  ®  2003,  Mary  Ann  Liebert,  Inc.  All  rights  reserved.14 
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observations  of  other  studies  that  neurons  produce  trans¬ 
acting  factors  that  interact  with  the  5'-FS  of  the  GFAP 
gene.41 

FUTURE  DIRECTIONS 

Gene  expression  in  brain  after  administration  of  PILs 
is  reversible  and  extrachromosomal.  The  plasmid  DNA 
functions  as  an  extrachromosomal  episome,  and  persis¬ 
tence  of  expression  of  the  transgene  decays  with  time  as 
the  plasmid  DNA  is  degraded.  Southern  blot  studies 
show  no  chromosomal  integration  of  the  plasmid 
DNA.22  The  reversible  nature  of  episomal-based  gene 
therapy  is  considered  desirable  and  advantageous  over 
viral  delivery  systems  that  cause  permanent  integration 
into  the  host  genome.  With  episomal-based  gene  therapy, 
the  risk  of  chromosomal  integration  is  nil,  and  the  gene 
is  given  chronically  at  repeat  occasions  as  with  any  other 
therapeutic.  The  interval  of  repeat  administration  is  de¬ 
termined  by  the  persistence  of  the  transgene  expression, 
which  is  a  function  of  the  structural  elements  engineered 
within  the  plasmid  DNA.  If  the  plasmid  DNA  incorpo¬ 
rates  chromosomal  derived  elements,  then  the  expression 
plasmid  can  attract  transacting  factors  within  brain  cells, 
which  stabilize  the  plasmid  against  degradation  by 
DNase  I,  which  may  produce  more  prolonged  periods  of 
gene  expression.  Gene  therapy  needs  to  move  from  the 
sole  reliance  on  cDNA-based  forms  of  therapeutic  genes, 
to  chromosomal-derived  genes  that  include  both  the  cod¬ 
ing  region  and  important  5'  flanking  sequence  elements, 
and  either  intronic  or  3'  flanking  sequence  elements  that 
contribute  to  stability  of  gene  expression  within  the  cell. 

PILs  can  be  administered  to  humans  chronically  as  the 
only  immunogenic  component  of  the  formulation  is  the 
antibody  and  the  immunogenicity  of  the  antibody  can  be 
eliminated  with  genetic  engineering  and  the  use  of  chi¬ 
meric  or  humanized  antibodies.  A  genetically  engineered 
chimeric  HIRmAb  has  been  produced  and  has  identical 
affinity  for  the  HIR  as  does  the  original  murine  83-14 
HIRmAb.42  PILs  have  been  administered  chronically  by 
weekly  intravenous  administration  to  rats  without  any 
toxicologic  effects  and  no  inflammation  within  the  brain  43 
Multiple  genes  can  be  delivered  to  brain  with  the  PIL  gene 
transfer  technology,  and  an  ideal  form  of  gene  therapy  of 
PD  would  be  aimed  at  the  dual  goals  of  TH  replacement 
gene  therapy  and  neuroprotection  gene  therapy. 
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Purpose.  Nonviral  gene  transfer  to  the  brain  of  adult  Rhesus  monkeys  is  possible  with  a  single 
intravenous  administration  of  plasmid  DNA  that  is  encapsulated  in  the  interior  of  pegylated 
immunoliposomes,  which  are  targeted  across  membrane  barriers  in  vivo  with  a  monoclonal  antibody 
to  the  human  insulin  receptor. 

Methods.  The  present  studies  measure  the  rate  of  decay  of  luciferase  gene  expression  in  the  Rhesus 
monkey  with  luciferase  enzyme  assays,  Southern  blotting,  and  real-time  polymerase  chain  reaction. 
Results.  Luciferase  enzyme  activity  in  frontal  cortex,  cerebellum,  and  liver  decays  with  a  tln  of  2.1  ±  0.1, 
2.6  ±  0.2,  and  1.7  ±  0.01  days,  respectively.  Luciferase  plasmid  in  brain  and  liver  was  detectable  by 
Southern  blotting  at  2  days,  but  not  at  7  or  14  days.  The  concentration  of  luciferase  plasmid  DNA  in 
brain  and  liver  was  measured  by  real-time  polymerase  chain  reaction,  and  decayed  with  ty 2  of  1.3  ±  0.3 
and  2.7  ±  0.5  days,  respectively. 

Conclusions.  The  maximal  concentration  of  luciferase  plasmid  DNA  in  Rhesus  monkey  brain  was  3M 
molecules/cell  following  an  i.v.  administration  of  12  pg/kg  pegylated  immunoliposome  encapsulated 
plasmid  DNA.  These  results  demonstrate  that  the  rate  of  loss  of  exogenous  gene  expression  in  the 
primate  in  vivo  correlates  with  the  rate  of  DNA  degradation  of  the  exogenous  plasmid  DNA. 

KEY  WORDS:  insulin  receptor;  luciferase;  nonviral  gene  transfer;  real-time  PCR. 


INTRODUCTION 

Nonviral  plasmid  gene  therapeutics  may  be  delivered  to 
distant  target  sites  in  vivo  following  an  intravenous  adminis¬ 
tration  with  the  use  of  the  pegylated  immunoliposome  (PIL) 
gene  targeting  technology  (1).  A  single  plasmid  DNA 
molecule  is  encapsulated  in  the  interior  of  a  100-nm 
liposome.  The  surface  of  the  liposome  is  conjugated  with 
several  thousand  strands  of  2,000-Da  polyethyleneglycol 
(PEG).  The  tips  of  1-2%  of  the  PEG  strands  are  conjugated 
with  a  receptor-specific  targeting  monoclonal  antibody 
(MAb).  In  prior  studies,  plasmid  DNA  encoding  luciferase 
or  |3-galactosidase  was  delivered  to  the  brain  of  adult  Rhesus 
monkeys  with  an  intravenous  injection  of  PILs  targeted  with 
an  MAb  to  the  human  insulin  receptor  (HIR)  (2).  The  ex¬ 
pression  of  luciferase  and  p-galactosidase  in  Rhesus  monkey 
brain  was  determined  2  days  after  a  single  intravenous  in¬ 
jection.  In  parallel  studies,  luciferase  gene  expression  was 
measured  in  the  retina  of  Rhesus  monkeys,  and  luciferase 
enzyme  activity  in  the  retina  decayed  with  a  ty2  of  2.0  +  0.1 
days  (3).  The  decay  in  gene  expression  may  be  due  either  to 
promoter  inactivation,  or  to  plasmid  degradation. 

The  purpose  of  the  present  studies  was  to  measure  lucif¬ 
erase  gene  expression  in  Rhesus  monkey  brain  at  periods 
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lasting  up  to  14  days  following  a  single  intravenous  injection 
of  HIRMAb-targeted  PILs.  In  parallel  with  measurements  of 
luciferase  enzyme  activity  in  primate  brain,  the  level  of  the 
exogenous  plasmid  DNA  in  primate  brain  was  measured  with 
real-time  polymerase  chain  reaction  (PCR)  assays,  and  by 
Southern  blotting.  The  correlation  of  the  luciferase  enzyme 
assay  and  the  real-time  PCR  assay  allows  for  a  determination 
as  to  whether  the  loss  with  time  of  luciferase  gene  expression 
is  attributable  to  promoter  inactivation  or  to  plasmid  DNA 
degradation. 

MATERIALS  AND  METHODS 

Intravenous  Gene  Administration  in  Rhesus  Monkeys 

Three  healthy  5-  to  10-year-old,  5-  to  6-kg  female 
Rhesus  monkeys  were  purchased  from  Covance  (Alice,  TX, 
USA).  A  fourth  rhesus  monkey  was  sacrificed  for  removal  of 
control  tissues  from  an  uninjected  primate.  The  animals  were 
anesthetized  with  10  mg/kg  ketamine  intramuscular,  and  5 
mL  sterile  HIRMAb-PIL  containing  70  pg  of  plasmid  DNA 
was  injected  into  each  monkey  via  the  saphenous  vein  with  a 
18-gauge  catheter.  The  primates  were  euthanized  at  2,  7,  or 
14  days  after  the  single  PIL  injection  of  the  luciferase 
expression  plasmid  (3).  The  brain,  liver,  spleen,  lung,  heart, 
kidney,  and  triceps  skeletal  muscle  were  removed.  PIL 
formulation  was  prepared  as  previously  described  (2).  The 
total  dose  of  HIRMAb  that  was  conjugated  to  the  PIL  and 
administered  to  each  monkey  was  1.8  mg  or  300  pg/kg  of 


0724-8741/06/0700-1586/0  ©  2006  Springer  Science  +  Business  Media,  Inc. 


1586 


Gene  Transfer  to  Primate  Brain  in  Vivo 


1587 


antibody.  The  injection  dose  of  PIL  encapsulated  plasmid 
DNA  was  12  pg/kg.  Murine  HIRMAb  was  purified  from 
hybridoma  generated  ascites  by  protein  G  affinity  chroma¬ 
tography.  The  luciferase  expression  plasmid  is  clone  790,  as 
previously  described  (2,4),  and  is  driven  by  the  SV40 
promoter.  The  research  adhered  to  the  provisions  of 
“Principles  of  Laboratory  Animal  Care”  (NIH  Publication 
#85-23,  revised  in  1985). 

Luciferase  Enzyme  Activity  Measurements 

Primate  organs  were  homogenized  in  4  vol  Promega  lysis 
buffer  as  previously  described  (2).  The  data  are  reported  as 
pg  luciferase  activity  per  mg  cell  protein.  Based  on  the  stan¬ 
dard  curve,  1  pg  luciferase  was  equivalent  to  14,312  ±  2,679  rel¬ 
ative  light  units  (RLU),  which  is  the  mean  +  SE  of  five  assays. 

Isolation  of  Genomic  DNA 

Genomic  DNA  was  isolated  from  monkey  brain  and 
liver  with  Genomic-tip  500/G  columns  from  Qiagen  (Valen¬ 
cia,  CA,  USA)  according  to  the  manufacturer’s  instructions. 
About  350  mg  monkey  liver  tissue  or  400  mg  monkey  brain 
tissue  was  homogenized  in  0.8  M  guanidine,  0.03  M  Tris/8.0, 
30  mM  EDTA,  5%  Tween  20,  0.5%  Triton  X-100,  and  0.2 
mg/mL  RNase  A,  followed  by  incubation  with  1  mg/mL 
proteinase  K  at  50°C  for  2  h.  Genomic  DNA  in  the 
homogenate  was  retrieved  by  filtration  through  a  Qiagen 
Genomic  tip  500/G  column  followed  with  isopropanol 
precipitation.  The  A26o/^28o  ratio  averaged  2.0,  and  the  yield 
of  genomic  DNA  was  500  pg.  The  yield  of  genomic  DNA 
isolation  was  70%  based  on  parallel  samples  labeled  with 
32P-DNA  internal  standard. 

Real-Time  PCR 

Real-time  PCR  primers  that  hybridize  within  the  open 
reading  frame  of  the  firefly  luciferase  gene  were  identified 
with  the  Beacon  2.1  software  (Bio-Rad,  Hercules,  CA,  USA), 
which  selects  primers  with  an  annealing  temperature  of  58  ± 
2°C  and  PCR  products  with  75-150  bp.  The  sequence  for  the 
forward  primer  is  5'-TCGAAAGAAGTCGGGGAAGC, 
and  the  sequence  for  the  reverse  primer  is  5'-CCTCGGGTG 
TAATCAGAATAGC. 


Table  I.  Luciferase  Enzyme  Activity  in  Rhesus  Monkey  Organs 


Organ 

pg  luciferase/mg  protein 

2  days 

7  days 

14  days 

Frontal  white 

3.2  ±  0.3 

0.4  ±  0.03 

0.020  ±  0.002 

Cerebellum  gray 

7.0  ±  1.6 

1.9  ±  0.2 

0.080  ±  0.009 

Cerebellum  white 

4.0  ±  0.4 

0.4  ±  0.03 

0.025  ±  0.0006 

Heart 

0.014  ±  0.003 

0.003  ±  0.0007 

<0.01 

Liver 

15.5  ±  0.4 

2.9  ±  0.2 

0.14  ±  0.023 

Spleen 

2.8  ±  0.4 

0.6  ±  0.03 

0.015  ±  0.0007 

Lung 

1.9  ±  0.3 

0.3  ±  0.03 

0.017  ±  0.002 

Kidney 

0.6  ±  0.1 

0.05  ±  0.003 

<0.01 

Skeletal  muscle 

0.13  ±  0.02 

0.011  ±  0.001 

<0.01 

Data  are  mean  +  SE  (n  =  3  replicates  from  a  single  monkey  at  each 
time  point). 


Days 

Fig.  1.  Luciferase  enzyme  activity  in  Rhesus  monkey  frontal  cortex 
gray  matter  is  plotted  vs.  time  after  a  single  i.v.  injection  of 
HIRMAb-targeted  PILs  carrying  clone  790  luciferase  expression 
plasmid  DNA.  The  y-intercept,  A(0),  and  the  slope  were  determined 
by  linear  regression  analysis.  The  tyi  of  decay  was  determined  from 
In  2/slope. 

Real-time  PCR  was  performed  by  using  Bio-Rad  MBR 
Green  Supermix  and  an  iCycler  IQ™  Real-time  Detection 
System  from  Bio-Rad.  For  each  reaction  in  25  pL,  200  ng 
genomic  DNA  and  2.5  pL  of  2.5  pM  primer  mixture  were 
added.  PCR  was  initiated  by  a  3-min  incubation  at  95°C, 
followed  by  40  cycles  consisting  of  10  s  annealing  at  57.9°C, 
10  s  extension  at  72°C,  and  10  s  denaturing  at  95°C.  Melting 
curves  of  each  PCR  product  were  determined  by  measuring 
the  ratio  of  single-strand  DNA  vs.  double-strand  DNA  at 
every  0.5°C  temperature  increase  from  55  to  94°C.  For 
quantification  of  luciferase  DNA,  the  clone  790  luciferase 
expression  plasmid  was  diluted  into  5  ng/pL,  50  pg/pL,  500 
fg/pL,  5  fg/pL,  and  0.05  fg/pL  aliquots  containing  100  ng/pL 
genomic  DNA  isolated  from  normal  monkey  brain  tissue. 
Real-time  PCR  was  performed  as  described  above,  using  2 
pL  DNA  standard  solution  as  the  template.  A  series  of 
threshold  cycle  (Ct)  values  were  obtained.  A  standard  curve 
of  luciferase  DNA  was  generated  by  plotting  Ct  values 
against  the  logarithm  of  plasmid  mass  (fg).  Plasmid  mass 
was  converted  into  number  of  plasmid  molecules  based  on 
the  molecular  weight  of  the  luciferase  expression  plasmid, 
10.6  kb,  and  665  Da  per  base  pair.  The  standard  curve  was 
linear  over  8  log  orders  of  luciferase  DNA  (1CL4  to  104  pg 
DNA). 

Southern  Blotting 

Genomic  DNA  ( 10  pg)  from  brain  or  liver  were  digested 
with  15  U  Hind\U  for  1  h  at  37°C,  resolved  by  gel 
electrophoresis  in  0.8%  agarose,  blotted  to  a  GeneScreen 
Plus  membrane,  and  hybridized  with  the  32P-labeled,  Hindlll 
linearized  luciferase  expression  plasmid  designated  clone  734 
(4).  Autoradiograms  were  developed  following  exposure  of 
Kodak  Biomax  film  for  3  days  at  -70°C. 

RESULTS 

The  luciferase  enzyme  activity  in  brain  and  peripheral 
tissues  of  adult  Rhesus  monkeys  at  2,  7,  and  14  days  after  a 
single  intravenous  injection  of  the  HIRMAb  targeted  PIL  is 
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Fig.  2.  Southern  blot  analysis  of  genomic  DNA  isolated  from  Rhesus 
monkey  cerebellum  and  liver  at  2,  7,  and  14  days  after  a  single  i.v. 
injection  of  HIRMAb-targeted  PILs  carrying  clone  790  luciferase 
expression  plasmid  DNA.  The  size  of  molecular  weight  standards  is 
shown  on  the  right  side  of  the  figure.  The  top  of  the  gel  is  shown, 
indicating  the  sample  DNA  has  migrated  into  the  gel. 

shown  in  Table  I.  For  brain,  the  data  in  Table  I  include 
luciferase  enzyme  activity  for  frontal  cortex  white  matter, 
cerebellar  gray  matter,  and  cerebellar  white  matter.  The 
luciferase  enzyme  activity  levels  in  frontal  cortex  gray  matter 
at  the  3  different  days  after  intravenous  administration  are 
given  in  Fig.  1.  The  luciferase  enzyme  activity  decays 
monoexponentially  with  a  ty2  of  2.1  ±  0.1  days  (Fig.  1).  The 
luciferase  data  for  cerebellar  gray  matter  and  for  primate 
liver  were  also  analyzed  by  a  monoexponential  function  that 
yielded  a  ty2  of  2.6  ±  0.2  days  for  cerebellar  gray  matter  and 
1.7  ±  0.01  days  for  primate  liver  (r  =  0.99). 

Extracts  of  genomic  DNA  isolated  from  the  primate 
brain  2,  7,  and  14  days  after  administration  were  analyzed  by 
Southern  blot  analysis.  Plasmid  DNA  in  cerebellum  and  liver 
was  detectable  at  2  days  after  i.v.  administration,  and  barely 
detectable  at  7  and  14  days  after  administration  (Fig.  2). 
Levels  of  luciferase  DNA  in  primate  brain  were  quantitated 
by  real-time  PCR.  A  luciferase  standard  curve  was  estab¬ 
lished,  and  this  standard  curve  was  linear  over  8  log  orders  of 
luciferase  plasmid  DNA  concentration  (Materials  and  Meth¬ 
ods).  Luciferase  plasmid  DNA  concentrations  in  brain  and 
liver  were  estimated  from  the  real-time  PCR  Ct  value  (Table 
II)  and  the  luciferase  Ct  standard  curve.  The  concentrations 
of  plasmid  DNA  in  brain  and  liver  at  2,  7,  and  14  days  after 
i.v.  administration  are  given  in  Table  II.  The  luciferase 
plasmid  standard  curve  allowed  for  the  conversion  of  Ct 
values  into  fg  of  luciferase  plasmid  DNA  per  200  ng  genomic 
DNA,  or  ng  of  luciferase  plasmid  DNA  per  100  g  tissue  wet 
weight  (Table  II).  Based  on  the  size  of  the  luciferase  plasmid 
DNA,  10.6  kb,  ng  of  plasmid  DNA  were  converted  into 
molecules  of  plasmid  DNA  per  200  ng  genomic  DNA  (Table 
II).  The  luciferase  plasmid  concentrations  in  brain  and  liver 


Table  III.  Linear  Regression  Analysis  of  Luciferase  Plasmid  DNA 
Content  in  Rhesus  Monkey  Brain  following  IV  Administration  of 

PILs 


Organ 

Parameter 

Value 

Brain 

A(0) 

798  ±  123  fg  luciferase 
DN A/200  ng  DNA 

k 

0.55  ±  0.11  days-1 

tin 

1.3  +  0.3  days 

Liver 

A(  0) 

248  ±  18  fg  luciferase 
DNA/200  ng  DNA 

k 

0.26  ±  0.04  days-1 

ha 

2.7  ±  0.5  days 

Parameters  were  computed  from  the  data  in  Table  II  by  linear 
regression  analysis.  A(0)  and  k  are  the  y-intercept  and  slope, 
respectively.  The  r1/2  was  computed  from  In  2 Ik.  The  correlation 
coefficients  of  the  linear  regression  analysis  were  0.98  and  0.99  for 
brain  and  liver,  respectively.  Tissue  analyzed  is  frontal  brain  matter. 


(Table  II)  were  analyzed  by  a  monoexponential  decay  curve, 
and  the  intercept  and  slopes  are  given  in  Table  III.  These 
data  show  that  the  half-life  of  decay  of  luciferase  plasmid 
DNA  in  primate  brain  and  liver  is  1.3  ±  0.3  and  2.7  ±  0.5  days, 
respectively. 

DISCUSSION 

The  results  of  these  studies  are  consistent  with  the 
following  conclusions.  First,  luciferase  gene  expression  in 
primate  brain  and  liver  decays  with  a  ty2  of  about  2  days 
following  a  single  i.v.  injection  of  the  luciferase  expression 
plasmid  encapsulated  inside  PILs  targeted  to  brain  and  liver 
with  an  HIRMAb.  Second,  the  cause  of  the  transient 
duration  of  luciferase  gene  expression  is  plasmid  degradation, 
because  the  f1/2  of  decay  of  luciferase  plasmid  DNA 
concentration  in  brain  and  liver,  1-2  days  (Table  III), 
approximates  the  f1/2  of  decay  of  luciferase  enzyme  activity 
(Fig.  1). 

Episomal  plasmid  DNA  gene  expression  is  generally 
transitory  in  cultured  cells  in  vitro  or  in  organs  in  vivo,  where 
the  vector  DNA  is  not  permanently  integrated  into  the  host 
genome.  One  cause  for  loss  of  exogenous  gene  expression  is 
gene  silencing  without  loss  of  vector  DNA  (6),  owing  to 
promoter  inactivation  (7).  Another  potential  cause  of  loss  of 
gene  expression  is  vector  DNA  degradation.  Plasmid  DNA  is 
unstable  in  the  cytosol  owing  to  cellular  DNase  (8),  and  is 
degraded  with  a  tV2  of  50-90  min  following  DNA  microin- 


Table  II.  Quantitation  of  Luciferase  cDNA  in  Rhesus  Monkey  Brain  and  Liver  by  Real-Time  PCR 


Organ 

Days 

c, 

luc  DNA  (fg/200  ng  DNA) 

luc  DNA  (ng/100  g  tissue) 

luc  DNA  (molecules/200  ng  DNA) 

Brain 

2 

22.5  ±  0.1 

417  ±  45 

284  ±  31 

34,528  ±  3,784 

7 

27.7  ±  0.1 

7.6  ±  0.7 

5.2  ±  0.5 

631  ±  60 

14 

31.3  ±  0.2 

0.48  ±  0.07 

0.33  ±  0.05 

40  ±  6 

Liver 

2 

23.6  ±  0.08 

177  ±  11 

120  ±  8 

14,656  ±  944 

7 

25.9  ±  0.08 

30.6  ±  1.8 

21  ±  1 

2,534  ±  147 

14 

27.7  ±  0.07 

7.8  +  0.4 

5.3  ±  0.3 

642  ±  32 

Real-time  PCR  C,  values  were  converted  into  fg  luciferase  (luc)  plasmid  DNA  per  200  ng  genomic  DNA  with  the  luciferase  standard  curve 
(Methods).  The  mass  of  luciferase  plasmid  DNA  was  converted  into  molecules  of  plasmid  DNA  with  the  molecular  size,  10.6  kb,  of  the 
luciferase  expression  plasmid.  Data  are  mean  ±  SD  ( n  =  3-4).  Tissue  analyzed  is  frontal  brain  matter. 
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jection  into  the  cell  (9).  Unlike  chromosomal  DNA,  which 
has  a  highly  ordered  chromatin  structure  that  makes  the 
DNA  inaccessible  to  DNase  (10),  plasmid  DNA  lacks  a 
higher-order  chromatin  structure,  and  is  particularly  vulner¬ 
able  to  cellular  endonucleases,  at  “hot  spots,”  or  DNase- 
hypersensitive  sites  (11).  The  present  studies  show  that  the 
basis  for  the  transitory  expression  of  the  luciferase  expression 
plasmid  in  primate  brain  and  liver  in  vivo  following 
intravenous  administration  and  delivery  with  PILs  is  plasmid 
degradation.  Southern  blot  (Fig.  2)  shows  the  loss  of 
measurable  luciferase  plasmid  DNA,  and  rate  of  plasmid 
DNA  degradation  is  quantitated  with  real-time  PCR  (Table 
II).  The  luciferase  transcriptional  unit  incorporated  in  the 
plasmid  DNA  is  composed  of  the  SV40  promoter,  the 
luciferase  cDNA,  followed  by  SV40  3'-untranslated  region 
(UTR).  The  luciferase  expression  plasmid  used  in  these 
studies  lacks  any  chromosomal  derived  gene  sequences  that 
can  interact  with  the  nuclear  matrix,  such  as  a  matrix 
attachment  region  (MAR).  Such  sequences  allow  plasmid 
DNA  to  attach  to  the  nuclear  matrix  (12),  which  may  inhibit 
the  access  of  cellular  nuclease  to  the  exogenous  DNA. 

Real-time  PCR  allows  for  quantitation  of  the  concen¬ 
tration  of  luciferase  plasmid  DNA  in  brain  and  liver.  The 
level  of  luciferase  gene  expression  in  cerebellum  and  cortex  is 
comparable  (Table  I),  which  parallels  previous  studies  on  the 
level  of  p-galactosidase  gene  expression  in  Rhesus  monkey 
(2).  The  peak  luciferase  enzyme  activity  in  liver  is  about  2- 
fold  greater  than  in  brain  (Table  I).  However,  the  peak 
luciferase  plasmid  DNA  concentration  in  brain  is  about  3- 
fold  greater  than  in  liver  (Table  III),  and  this  reflects  organ 
differences  in  genomic  DNA.  The  luciferase  plasmid  DNA 
concentration  in  brain  and  liver  is  expressed  relative  to  the 
amount  of  genomic  DNA  (Tables  II  and  III).  The  concen¬ 
tration  of  genomic  DNA  in  liver  is  about  3-fold  greater  than 
the  concentration  of  genomic  DNA  in  brain  (13).  The  earliest 
time  point  of  analysis  of  gene  expression  in  these  studies  was 
2  days.  Prior  work  on  P-galactosidase  gene  expression  shows 
the  exogenous  gene  does  not  reach  maximal  expression  until 
2  days  after  injection,  and  is  submaximal  at  1  day  after 
administration  (14).  The  time  course  of  luciferase  gene 
expression  is  believed  to  parallel  the  time  course  of  P- 
galactosidase  gene  expression,  because  the  bacterial  P- 
galactosidase  enzyme  and  the  luciferase  enzyme  are  both 
rapidly  degraded  in  vivo.  The  half-time  of  the  luciferase 
enzyme  in  cells  is  about  3  h  (15).  Although  the  half-time  of 
the  bacterial  p-galactosidase  protein  in  cultured  cells  is  about 
20  h  (16),  this  protein  is  degraded  much  faster  in  vivo  in 
animals.  Bacterial  p-galactosidase  is  completely  degraded 
within  4  h  after  administration  in  mice  (17,18).  Therefore, 
both  the  luciferase  and  bacterial  p-galactosidase  proteins 
have  short  half-times  in  vivo ,  which  means  the  duration  of 
expression  of  enzyme  activity  parallels  the  persistence  of  the 
transgene. 

Estimates  are  made  on  the  number  of  luciferase  plasmid 
DNA  molecules  in  brain  per  200  ng  of  genomic  DNA,  based 
on  the  molecular  size  of  the  plasmid  DNA.  These  data  are 
given  in  Table  II  for  both  brain  and  liver  at  2,  7,  and  14  days 
after  intravenous  administration  of  the  exogenous  gene. 
Results  of  a  linear  regression  analysis  of  the  luciferase 
plasmid  levels  are  shown  in  Table  III,  which  gives  A(0),  the 
maximal  mass  of  luciferase  plasmid  DNA  in  brain  or  liver 


after  an  i.v.  injection.  The  level  of  luciferase  DNA  in  brain 
and  liver  decays  with  a  half-time  of  1.3  ±  0.3  and  2.7  ±  0.5 
days,  respectively  (Table  III).  Therefore,  the  half-time  of 
decay  of  luciferase  enzyme  activity  (Fig.  1)  closely  parallels 
the  half-time  of  plasmid  DNA  in  monkey  brain  or  liver  in 
vivo  (Table  III).  This  observation  suggests  that  the  luciferase 
enzyme  is  rapidly  degraded  in  vivo,  such  that  the  limiting 
factor  controlling  the  level  of  luciferase  enzyme  activity  is  the 
concentration  of  luciferase  plasmid  DNA.  This  observation 
corroborates  other  work  showing  the  half-time  of  luciferase 
enzyme  activity  in  vivo  is  only  2-3  h  (15). 

The  A(0)  for  primate  brain  is  798  ±  123  fg  luciferase 
plasmid  DNA  per  200  ng  of  genomic  DNA  (Table  III).  Based 
on  the  molecular  size  of  the  luciferase  expression  plasmid, 
10.6  kb  (19),  the  A(0)  corresponds  to  65,342  ±  1,563  molecules 
per  200  ng  genomic  DNA.  Assuming  there  are  10  pg  of 
genomic  DNA  per  cell  (13,20),  these  calculations  indicate  the 
maximum  number  of  luciferase  plasmid  DNA  molecules  per 
primate  brain  cell  is  3.3.  These  calculations  are  consistent 
with  other  studies  in  rats  showing  that  pharmacologic  effects 
in  brain,  e.g.,  experimental  Parkinson’s  disease,  are  achieved 
with  the  delivery  of  5-10  plasmid  DNA  molecules  per  brain 
cell  (21).  Therefore,  therapeutic  levels  of  plasmid  DNA  in 
brain  cells  of  the  adult  Rhesus  monkey  are  achieved  with  an 
intravenous  dose  of  PIL-encapuslated  plasmid  DNA  of  70  pg 
(Materials  and  Methods).  The  level  of  luciferase  plasmid 
DNA  at  2  days  after  injection  is  0.28  pg  per  100  g  brain 
(Table  II).  Because  the  Rhesus  monkey  brain  weighs  100  g 
(5),  the  brain  uptake  of  the  plasmid  DNA  is  0.4%  of  the  70 
pg  injected  dose  at  2  days  after  i.v.  administration.  Therefore, 
the  uptake  of  PIL  encapsulated  plasmid  DNA  approximates 
the  measured  peak  uptake  of  the  nonliposome  conjugated 
HIRMAb  at  3  h  after  an  i.v.  injection,  which  is  2%  of  the 
injected  dose  per  Rhesus  monkey  brain  (5). 

In  summary,  3-4  plasmid  DNA  molecules  are  delivered 
per  brain  cell  following  the  i.v.  injection  of  PIL  encapsulated 
plasmid  DNA,  at  a  dose  of  70  pg  DNA  per  6  kg  animal  or  12 
pg/kg  in  the  adult  Rhesus  monkey.  The  exogenous  gene 
expression  decays  with  time  in  parallel  with  the  degradation 
of  the  exogenous  plasmid  DNA.  It  is  possible  that  the 
persistence  of  plasmid  DNA  in  the  brain  of  higher  animals 
may  be  sustained  for  longer  periods  with  reformulations  of 
the  plasmid  DNA  that  render  the  vector  less  sensitive  to 
cellular  nuclease  activity. 
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